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ABSTRACT
Micro-structural banding in steel is defined as a manifestation of alternating bands of
different microstructural constituents aligned parallel to the rolling direction. These
alternating bands of different microstructure affect the directional homogeneity of the
mechanical properties and the formation of such bands should be avoided. Microstructural banding is a particular problem in medium-carbon steels that are produced
by continuous casting techniques.
It is well established that delta-ferrite dendrites grow roughly perpendicular to the
casting direction during the initial solidification of steel in a continuous caster. Most
of the alloying elements of interest in the production of medium carbon steel segregate
to inter-dendritic regions during the solidification of the last liquid. Hence primary and
secondary dendrites of low carbon content are interspaced by almost spherical pockets
of high solute content and these regions of high solute content are retained during the
delta-ferrite to austenite phase transition. It is also well established that these pockets
of high solute content as well as the dendrites are elongated during subsequent hotrolling. Earlier researchers have shown that these micro-chemical bands are a prerequisite to microstructural band formation, but that it is actually the kinetics of the
austenite decomposition that is responsible for the formation of alternating bands of
ferrite and pearlite (microstructural banding). Although earlier research has shown that
alternating elongated bands of high and low alloy content form during hot-rolling, the
exact way in which the cast structure, consisting of delta-ferrite primary and secondary
dendritic arms interspaced with almost spherical pockets of high alloy content, are
transformed into almost continuous bands of low and high allow content has not been
clarified as yet. It is this question that prompted the design of the present study, which
aimed to provide an improved quantification of the mechanism by which these
elongated micro-chemical bands form.
Because of its industrial significance, a medium-carbon steel with a manganese content
of 1.28 wt. % and very low in other alloying elements was selected to conduct a series
of hot-rolling tests in order to study the response of a typical cast-structure comprising
primary and secondary dendrites as well as micro-segregated regions, to hot-rolling.
Hot-rolling was conducted in a laboratory-scale rolling mill and the progressive
ii

rotation of the primary and secondary dendrite arms as well as the associated interdendritic regions were studied experimentally and an attempt was made to model these
respective progressive rotations in order to provide quantitative information. Some
specimens were subjected to full rolling to different degrees of reduction in thickness,
while others were only partially rolled so that the rotation of the micro-structural
components

could

assessed

by

conducting

cross-sectional

metallographic

examinations. Optical as well as electron-probe micro-analyses revealed that primary
dendrite arms rotated progressively around the transverse axis during hot-rolling while
the secondary dendrite arms, with their adjacent areas of inter-dendritic segregation,
elongated progressively parallel to the rolling direction. When the reduction exceeds
80% the primary as well as the secondary dendrite arms, with their associated interdendritic regions, align parallel to the rolling direction, thereby forming layers of low
and high concentration of alloying elements respectively.
The mechanical properties at room temperature of the dendritic and inter-dendritic
regions respectively of the as-cast medium-carbon steel under investigation were
determined by the use of instrumented indentation techniques (nano-hardness
measurement). In addition, hot-tensile tests, at typically hot-rolling temperatures, were
conducted on specimens selected from the as-cast slab in such a way that they represent
the primary and secondary dendrite arms or the inter-dendritic regions respectively. In
this selection of specimens, it was assumed that an area of the slab close to the surface
represent dendrite structures, while an area close to the centre-line represent interdendritic regions. There was a discernible difference in mechanical properties between
the dendritic and inter-dendritic regions in a continuously-cast slab at room
temperature as well as at high temperatures.
Two-dimensional symmetric finite element (FE) models were employed to simulate
the behaviour of the dendritic and inter-dendritic regions respectively during hotrolling with a view to determining the microstructural changes leading to microchemical banding. In this modelling study the equivalent plastic strain and von-Mises
equivalent stress distributions were determined as a function of rolling reduction.
During hot rolling, the secondary arms experienced larger elongations than the
segregated regions within strain bands due to the lower yield point of the dendrite
arms. The primary dendrite arms rotated about the rolling direction and align with the
iii

rolling direction at rolling reductions of more than 70% while secondary dendrite arms
located between two (harder) segregated regions experience significant thinning
during rolling until the segregated regions latch onto each other at a rolling reduction
of about 70%. At rolling reductions between 65 and 75%, the primary and secondary
dendrite arms as well as the inter-dendritic regions (roughly spherical) pre-existing in
the as-cast structure, were destroyed and transformed into distinctive elongated microchemical bands that align parallel to the rolling direction.
In order to further explore how banding originates, an attempt was made to directly
observe the formation of micro-structural bands by the use of high-temperature laserscanning confocal microscopy. These observations have been made in real time and at
temperatures typically used in industrial hot-rolling practice. During cooling from the
austenite phase field, ferrite nucleates on austenite grain boundaries and grows
progressively into the austenite grains. Pearlite/ferrite band formation could clearly be
observed in-situ when care was taken to prevent surface decarburisation. The banding
observed in-situ in the high-temperature microscope was similar to that detected by
optical microscopy following the same heat treatment that was used in the microscope.
This study provided new insights with respect to the origins and alignment of bands of
different chemical composition, which eventually results in the formation of
microstructural banding.
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Introduction
Overview
Micro-structural banding, often simply referred to as banding, in steel is defined as a
manifestation of alternating bands of different microstructures aligned parallel to the
rolling direction [1-14]. These alternating bands of different microstructure affect the
directional homogeneity of mechanical properties and the formation of such bands
should be avoided [7, 15]. Banding is a particular problem in medium carbon steels
that are produced by continuous casting techniques.
Continuous casting of steel has been developed into a sophisticated technology over
the past 60 years. The conventional casting of steel slabs, typically 200-300mm-thick,
are cast at a rate of about one meter per minute. One specific development that has
transformed the continuous casting industry was the introduction of thin-slab
continuous casting, which typically produces slabs 60-100 mm thick at casting speeds
of more than 4 m/min. One of the latest developments in continuous casting
technology, the innovative high-speed strip-casting technology, integrates casting and
rolling and renders possible the casting of the liquid steel directly into thin sheet [16].
For the sake of comparison a brief outline of several different continuous casting
technologies is shown in Figure 1.1.

Figure 1.1: A comparison of the casting and rolling stages of different continuous
casting techniques [16].

During the conventional and thin-slab continuous casting processes, liquid steel
partially solidifies in a water-cooled copper mould. On exiting the mould, the surface
of the strand is rapidly cooled with water sprays and the thickness of the shell increases
progressively as the material solidifies. A steep temperature gradient is established in
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the through-thickness of the strand and it is this temperature gradient that is primarily
responsible for the formation of different microstructural morphologies in the throughthickness. The typical microstructural development upon solidification of steel slabs
occurs in sequence in three steps: a fine-grained chill zone forms at the mould walls
due to the very high cooling rate in this zone. These crystals grow into the liquid,
initially with random orientations. As the growth proceeds, the initial planar
solid/liquid interface becomes unstable and due to constitutional super cooling
dendrites grow ahead of the advancing solid/liquid interface to eventually form a
columnar structure, the second zone, progressing towards the centre in preferred
crystallographic directions. This dendritic growth leads to the segregation of alloying
elements across the slab thickness.

The concentration of these solute elements

increases ahead of the growing columnar dendrites. The alloying elements having
partition coefficients less than unity (e.g. manganese) are rejected from the first formed
delta ferrite dendrites, resulting in inter-dendritic regions of high solute content. The
segregation between dendrites is shown schematically in Figure 1.2 (b). This
solidification sequence and morphological development is well understood and
credible theories have been developed for the relationship between the morphology of
growing crystals, the temperature gradient, cooling rate, the extent of segregation of
solute elements and the rate of solidification [17]. As the dendrites approach the centreline of a slab, the thermal gradient is diminished and the dendritic growth rate is
retarded. Due to the convective movement of liquid steel perpendicular to the dendrite
growth direction, tips of the growing dendrites are fractured and float in the liquid
metal ahead of the solid/liquid interface. These floating crystals act as nuclei for further
solidification and as a result, an equiaxed structure is formed (the third zone). These
three zones are shown schematically in Figure 1.2(a). Dendrites, consisting of primary
and secondary arms are illustrated in more detail in Figure 2(b).
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Figure 1.2: (a) Schematic diagram of zones of crystal morphologies in an as solidified
section of steel [2] (b) Sketch of Solidification in mould showing liquid, solid
and dendrites.[18]

Subsequent hot rolling in the austenitic phase field leads to the formation of layers of
high and low solute content respectively. This variation in alloying element
concentration may cause an inhomogeneous distribution of carbon in the austenite
during subsequent heat treatment. Certain elements (e.g. manganese) effectively
attract carbon, while other elements reject carbon (e.g. silicon). Due to its relatively
high diffusivity, carbon in the austenite can be assumed to be distributed according to
thermodynamic equilibrium. On the other hand, the variations in the concentration of
other solutes such as silicon and manganese will not be eliminated due to the low
diffusivity of these elements and hence, the local A3 transition temperature, at which
the austenite reverts to ferrite in the local regions, will depend on the extent of
manganese segregation. Silicon will increase the local A3 transition temperature while
this temperature will be decreased by manganese [19, 20]. It is this inhomogeneous
distribution of alloying elements that leads to the formation of alternating bands of
ferrite and pearlite in medium carbon steel during hot-rolling and subsequent heat
treatment following casting of the strand. The ferrite-pearlite bands are intimately
3

related to the occurrence of micro-segregation of alloying elements to the extent that
Offerman et al. argued that the formation of micro-chemical bands is a prerequisite for
micro-structural band formation. However, these authors have provided convincing
experimental proof that the kinetics of the austenite-to-ferrite phase transformation
determines the actual occurrence of these microstructural bands [20].
Much research has been undertaken to investigate the kinetics of formation of ferritepearlite micro-structural banding in hot-rolled medium carbon steel [2, 4, 9, 20-26],
but fewer research efforts have been devoted to a study of the mechanisms by which
micro-chemical banding forms in the first instance. The mechanism by which carbon
and solute depleted dendrites and solute enriched inter-dendritic regions develop into
microstructural bands parallel to the rolling direction has not been studied in detail and
is poorly understood [19, 27]. This dearth of information prompted the present study
and an attempt was made to establish exactly how dendrites and solute-rich regions,
originally perpendicular to the rolling direction, are transformed into microstructural
bands parallel to the rolling direction.
Thesis Objectives
The arguments advanced above indicated that there is a need to better understand the
mechanism or mechanisms that leads to the formation of micro-structural bands
parallel to the rolling direction from microstructural features that were originally
orientated perpendicular to the rolling direction.
The approach taken in the present research was to examine in detail samples of
medium carbon steel that were cast in an operating thin-slab caster under normal
industrial operating conditions. The microstructure at various positions in the throughthickness of the slab was determined and in addition, some of these samples were
further subjected to laboratory heat treatments and rolling studies. In an attempt to
better interpret the outcomes of the experimental observations, a finite element model
was developed and implemented to study the rotation of dendrites and inter-dendritic
regions in the course of hot-rolling.
The specific objectives for this study were as follows:


To study the response of dendritic structures in medium-carbon steel to hotrolling and specifically to determine how dendrites, originally orientated
perpendicular to the rolling direction, are transformed by hot-rolling into bands
parallel to the rolling direction.
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To investigate the mechanism or mechanisms by which hot-rolling transforms
discontinuous inter-dendritic segregated regions, originally perpendicular to
the rolling direction, into continuous segregated bands parallel to the rolling
direction.



To study the variation in high-temperature mechanical properties of dendritic
and inter-dendritic regions of a continuously cast medium-carbon steel and the
behaviour of these different regions during hot-rolling.



To predict the response of dendritic and inter-dendritic regions to isothermal
hot-rolling and specifically to predict the pertaining stress and strain
distributions by using Finite Element Modelling techniques.



To observe in-situ the formation of microstructural banding during heat
treatment of hot-rolled medium-carbon steel by using advanced hightemperature laser-scanning confocal microscopy.



To study by using Electron Probe Micro Analyses (EPMA), the change in
alloying element distributions in the course hot-rolling.

The high-temperature mechanical properties of selected specimens were determined
by the use of a thermo-mechanical simulator (Gleeble 3500). Finite element (FE)
models to simulate the behaviour of dendritic and inter-dendritic regions during hot
rolling of the medium-carbon steel were developed using ANSYS LS-DYNA
software. In-situ heat treatments and observations of the actual formation of
microstructural banding during heat treatment were accomplished by using a 1LM21H
laser-scanning confocal microscope, supplied by Lasertec Corporation, Japan.
Thesis Organisation
The remainder of the thesis is structured as follows:
Chapter 2: Review the available literature, starting with a definition and outline of the
formation of micro-segregation during solidification of steel. Following the
discussion of micro-segregation a detailed discussion of the literature pertaining
to banding is given. The theories of microstructural band formation are then
examined and subsequently a number of factors effecting the formation of
microstructural bands are discussed. These include, steel composition, cooling rate
during the austenite to ferrite transformation and the austenite grain size prior to
transformation. Moreover, the effects of microstructural banding on the
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mechanical properties of hot-rolled steels are discussed. The variation of micromechanical properties of inhomogeneous steel microstructures at room
temperature and the nano-indentation techniques are discussed. The high
temperatures mechanical properties and behaviour of various bulk steels are
outlined. The chapter also discusses theories of plasticity and available hot and
cold rolling Finite Element Models.
Chapter 3: Presents the behaviour of dendritic structures during hot-rolling of mediumcarbon steel. It also investigates the variation of chemical composition between
dendritic and inter-dendritic regions which were obtained from EPMA line-scan
measurement and map observations.

Chapter 4: Includes an investigation of the variation of mechanical properties of
dendritic and inter-dendritic regions at high temperature. The mechanical
properties include elastic modulus, tensile strength and ductility. It also
provides empirical equations for these properties of each region separately at
high temperatures.
Chapter 5: Simulates the behaviour of dendritic and inter-dendritic regions during hotrolling of medium-carbon steel. It uses (FE) models to provide effective stress and
strain distributions through inhomogeneous dendritic structures. This analysis is
based on the high-temperature mechanical properties obtained from the
experimental investigation discussed in Chapter 4.
Chapter 6: Deals with the in-situ heat treatment of hot-rolled medium-carbon steel using
the advanced techniques of laser-scanning confocal microscopy. It also provides
details of the high-temperature laser-scanning confocal microscopical techniques
employed. In addition, it includes observations of ferrite-pearlite banding during
heat treatment of a hot-rolled sample.
Chapter 7: Summarises the main results as well as suggests the areas for future research.
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Literature Review
Introduction
Microstructural banding is a common occurrence in hot-rolled steels which can be
defined as alternation of layers of ferrite and pearlite [1-14]. The banding has been
studied extensively due to its detrimental impact on mechanical properties [1, 3, 7, 10,
28-31]. Microstructural banding is strongly related to the micro-segregation of
alloying elements during solidification, and the subsequent deformation of the
segregated structure during hot-rolling. In addition, the formation of banded structures
is influenced by two other main factors; the cooling rate during the austenite to ferrite
transformation and the austenite grain size [2, 4, 9, 19, 22, 24, 27, 32].
Due to its fundamental importance to the process of band formation, this review begins
with a detailed discussion on the formation of chemical in-homogeneities during the
dendritic solidification in the course of the continuous casting of steel (microsegregation on the scale of the dendrites, as opposed to macro-segregation which is on
the scale of the half thickness of the casting, a phenomenon that is beyond the scope
of the present study).
Modelling of micro-segregation is discussed followed by a brief discussion of dendrite
arm spacing (DAS), a factor intimately related to the development of microsegregation. The final part of the discussion of micro-segregation is concerned with
some aspects of the transformation of austenite to ferrite on cooling is briefly discussed
as again it is intimately linked to the formation of microstructural bands.
Following the discussion of micro-segregation, a more detailed discussion is provided
of the literature pertaining to banding. The theories of microstructural band formation
are then examined and subsequently a number of factors effecting the formation of
microstructural bands are discussed. These include steel composition, cooling rate
during the austenite to ferrite transformation and the austenite grain size prior to
transformation. In addition, the effects of microstructural banding on the mechanical
properties of hot-rolled steels are discussed.
The variation of micro-mechanical properties of inhomogeneous steel microstructures
at room temperature and the nano-indentation techniques used to assess these are
discussed. Finally, the simulation by Finite Element Modelling of hot-rolling
processes and the associated plasticity theories and models are discussed in detail.
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Solidification in Continuous Casting of Steel
During continuous casting of steel, the surface of the cast strand is cooled rapidly and
the thickness of the shell increases progressively as the material solidifies. A steep
temperature gradient is established along the thickness of the strand, which causes the
formation of a fine, equiaxed microstructure on the surface and oriented columnar
dendritic towards the centre. This dendritic growth leads to the segregation of alloying
elements in the through-thickness of the slab.
The solubility of solute elements is usually lower in the solid state than in molten steel.
These solute elements are discharged into the molten steel at the growing front of the
columnar dendrites of the solidifying shell, which grows as solidification proceeds.
The alloying elements having partition coefficients less than unity (e.g. manganese)
are rejected from the first formed delta ferrite dendrites, resulting in inter-dendritic
regions of high solute content, which is retained during the transformation from ferrite to austenite. Subsequent hot-rolling in the austenitic phase field leads to
elongated high solute regions. The variation in alloying element concentrations may
cause an inhomogeneous distribution of the carbon in the austenite. Certain elements
(e.g. manganese) effectively attract carbon, while other elements reject carbon (e.g.
silicon). Due to its relatively high diffusivity, the carbon in the austenite can be
distributed according to thermodynamic equilibrium. Calculations of Verhoeven [19]
and Offerman [20] have shown that variations in manganese concentration result in
variations in carbon concentration, which can significantly alter the local A3 transition
temperature. The variation in alloying element concentration by itself also raises (e.g.
silicon) or lowers (e.g. manganese) the A3 transition temperature. These solute
elements concentrate, to form what is called micro-segregation. The segregation
between dendrites is shown schematically in the right hand side of Figure 2.1. This
micro-segregation occurs during the final stages of solidification between the branches
of columnar dendrites and also at the centre-thickness of the cast strand. Solidification
theories have been established for the relationship between the morphology of growing
crystals and the temperature gradient and cooling rate, the segregation of solute
elements near the front of solidifying shell and the rate of solidification which affects
this segregation [17].
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Figure 2.1: Simulation of solidification and segregation in continuous casting [17].

Micro-segregation
Since micro-segregation has the most significant impact on band formation,
experiments and models have been developed for determining the extent of microsegregation of alloying elements across the slab as influenced by the steel composition
and operating parameters.
2.3.1

Micro-segregation during Dendritic Solidification

A necessary condition for the formation crystals in a liquid metal melt, is that the liquid
temperature is lower than the melting point Tm or liquidus line TL of the solid. Initially
solidification occurs by the formation of small nuclei (nucleation) on the mould wall
and develops a layer separating the mould and liquid metal. Further growth of the solid
occurs through the progression of the solid/liquid interface into the liquid metal as heat
is extracted through the solid. Initially the shape of the solid/liquid interface is planar
or parabolic. Given in Figure 2.2 is the low-carbon high-temperature section of the
iron-carbon phase diagram. Reference to this diagram illustrates an extremely
important effect in the solidification of alloys: solute rejection during solidification.
Following the path of the solidification of a Fe 0.2% C alloy, the initial solid that forms
has a composition of ~0.05% C with the resultant rejection of carbon in to the
remaining liquid at the interface. Under the right conditions this leads to constitutional
undercooling of the liquid at the interface. This is the situation where the rejected
solute at the interface reduces the solidus temperature of the liquid at the interface to
below the temperature of the solid/liquid interface hence, preventing planar growth
9

from continuing. The solid/liquid interface then becomes unstable and lead to the
formation of protrusions that grow from the interface into the liquid (past the
constitutionally undercooled liquid). A similar mechanism occurs on the sides of the
protrusions resulting in secondary branches that grow perpendicular to the primary
cells to form dendrites as shown in Figure 2.3.

Figure 2.2: Low carbon, high temperature section of the iron-carbon phase diagram.

Figure 2.3: Steady-state patterns formed at the solid/liquid interface of a binary alloy
of succinonitrile and coumarin 152 during directional solidification [33].
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The result of this type of growth is the entrapment of solute rich liquid between the
primary and secondary (and in some cases ternary) arms of the dendrites. The rejection
of solute elements occurs for all elements mixed with iron to form steel (all have a
lower solubility in solid iron than in liquid iron). The formation of pockets of solute
rich liquid between dendrites is called micro-segregation. The dendrite growth
direction is orientated in certain specific crystallographic directions and depends on
the crystal structure of the solidifying metal as listed in Table 2.1. For example,
dendrites in steel always prefer to grow in the direction <100>. This growth direction
also corresponds to the direction of highest thermal conductivity, for obvious reasons
[34-37].
Table 2.1: Dendritic Growth in Various Crystal Structures [38].

Dendritic Growth
Direction
<100>
<100>
<101̅0>
<110>

Crystal Structure
Face-centred cubic
Body-centred cubic
Hexagonal close-packed
Body-centred tetragonal
2.3.2

Modelling of Micro-segregation

Due to the significant influence of micro-segregation on the properties of steel,
including the formation of banding, considerable effort has been expended in attempts
to understand and predict the occurrence of segregation during casting. The earliest
approximation to this problem was to completely neglect solid state diffusion, which
was done by Scheil [39] where the problem was reduced to one dimension by
considering only a volume element perpendicular to the growth direction of the
dendrite as shown in Figure 2.4. The shape of the dendrite was simplified and assumed
to be plate-like. Further assumptions in the Scheil model included infinitely fast
diffusion in the liquid state, no undercooling, no difference in density between solid
and liquid, and linear solidus and liquidus lines. This last assumption implies a
constant equilibrium partition coefficient k, given by the ratio of the equilibrium
solidus concentration to the equilibrium liquidus concentration as:

𝑘=

𝐶𝑠

2.1

𝐶𝐿
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The Scheil equation described the concentration in the solid at the solid/liquid interface
for a given fraction solid fS and partition coefficient.
𝐶𝑠∗ = 𝑘𝐶0 (1 − 𝑓𝑠 )𝑘−1

2.2

C0 here is the average concentration of the alloy. The dependence of CS on the fraction
of solid is shown for several models in Figure 2.5. Although Scheil’s model does not
provide an accurate estimate of the degree of micro-segregation, it gives, in
conjunction with the lever rule the lower and upper limit of possible segregation
profiles.

Figure 2.4: Schematic representation of growing dendrites with the volume element
that is considered in the model [40].

Figure 2.5: an example partial phase diagram showing the solidus and liquidus
concentrations CS and CL for a given average concentration C0. (b) The
dependence of the concentration of the solid at the solid-liquid interface on the
fraction solid fS, for different segregation models [41].
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Brody and Flemings [40] developed a model that included solid-state diffusion. The
same geometry and approximations were used as in the Scheil model, except for
diffusion in the solid. Diffusion was described by Fick’s second law and two different
interface velocity dependencies were assumed: constant velocity and parabolic
growth. It was assumed that solid state diffusion does not change the concentration
gradient at the interface, so the interface concentration as a function of the fraction
solid can be calculated. The ratio of the diffusion coefficient in the solid state,  , was
defined as:

𝜔=

𝐷𝑠 𝑡𝑓

2.3

𝐿2

where DS is the diffusion coefficient, tf is the local solidification time and L is the half
of the dendrite spacing. The interface concentration for a constant solidification
velocity is given by
𝑓

𝑠
𝐶𝑠∗ = 𝑘𝐶0 (1 − 1+𝜔𝑘
)𝑘−1

2.4

The extent of micro-segregation depends on the ratio of tf to L2. It is apparent that the
cooling rate influences the dendrite spacing, but this model was not able to describe
this behaviour. Even though the Body-Flemings model was a major improvement on
the Scheil model, it still was very limited. Therefore, other models [42-45] were
proposed in attempt to resolve the limitations of Schiel and Brody and Flemings
models including the assumption of the dendrite geometry: cylinders, hexagons and
other 2-D geometries, peritectic solidification with two moving phase boundaries,
finite diffusion or convection in the liquid state, differences in density between solid
and liquid, undercooling at the dendrite tip, variable partition coefficient, various
cooling conditions such as constant heat flow or input of an experimental cooling
curve, and many other assumptions. Over the last 20-30 years, with the rapid increase
in computing power, a new generation of physical models, relying on numerical
solutions, have been developed to solve the underlying heat and mass transfer
equations required to describe physical phenomena such as solidification and solid
state phase transformations.
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2.3.3

Dendrite Arm Spacing

During metal solidification, a consequence of constitutional undercooling and
destabilisation of solid-liquid interface is the formation of dendrites. The distance
between dendrite arms that evolve during solidification is a major factor in the
calculation of the degree of micro-segregation and also the segregation profile that
leads to banding. There is still a lack of information in the literature regarding the link
between the degree of microstructural banding in steel and the primary and secondary
dendrite arm spacing. It is clear that the dendritic arm spacing increase from the surface
towards the centre of a casting while most studies have assumed one degree of banding
across the slab. Verhoeven [19] argued that there is a relationship between the bandwidth and primary dendrite arm spacing (PDAS), which is defined as the distance
between two adjacent dendrites. On the other hand, Krauss [8] argued that the
secondary dendrite arm spacing (SDAS), which is defined as the distance between two
adjacent secondary arms of a dendrite, as the most important measure of the degree of
inter-dendritic segregation. Primary and secondary dendrite arm spacing are
dependent, to different extents, on cooling rate [46]. It was experimentally shown that
there is an exponential relationship between secondary dendrite arm spacing and local
solidification time. This relation was described by the empirical equation:

2 = 𝐾𝑡𝑓ℎ

2.5

Where 2 is secondary dendrite arm spacing, tf is the local solidification time and K is
an empirical parameter with the exponent h ranging from 0.3 to 0.6 [2, 47].
It was found experimentally by Kattamis et al. [48] that the final dendrite spacing is
mainly dependent on the coarsening kinetics and not on the initial spacing. Pierer and
Bernhard [49] have experimentally investigated the effect of carbon on the secondary
dendrite arm spacing. Solidification experiments were performed using a Submerged
Split Chill Tensile test with a series of carbon steels containing 0.08, 0.12, 0.16, 0.30,
0.50, and 0.70 wt.% carbon with other alloying elements of 0.28 wt.% Si, 1.32 wt.%
Mn, 0.007 wt.% P, and 0.007 wt.% S. From a very large number of 2-values measured
for the steels under consideration, they were able to derive the secondary dendrite arm
spacing for steels containing carbon between 0.08 and 0.7 wt.% by the empirical 2relation:
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1

1

2 = (23.7 − (13.1 × (𝑤𝑡. %𝐶)3 )𝑡𝑓3

2.6

2 is expressed in m.
Figure 2.6 shows the experimental values of 2 as a function of local solidification time
for different carbon content steels.

Figure 2.6: Secondary dendrite arm spacing as a function of local solidification time for
steel of different carbon content [49].

Preßlinger [50] measured and calculated manganese segregation as a function of
distance from the strand surface for conventionally-cast high-strength structural steels.
Model calculations agreed well with the experimental findings and they found that the
secondary dendrite arm spacing increases with distance from the surface as shown in
Figure 2.7.
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Figure 2.7:Calculated and measured Mn concentration across a steel slab [50].

Micro-segregation of alloying elements in the cast slab has been identified by many
earlier researchers as an important factor on the formation of microstructure of
consisting of alternating bands of ferrite and pearlite in medium carbon steel (or
sometimes martensite in other steels) during subsequent hot-rolling. These ferrite
pearlite bands are strongly related to the micro-segregation of alloying elements as
Grossterlinden et al. [23] and Thompson and Howell [9] have shown by the use of
electron probe microanalysis (EPMA). Offerman et al. [20] also reported that
ferrite/pearlite bands show that microstructural banding in hot rolled medium carbon
steel is related to the micro-chemical banding of manganese and silicon. Their
experiments showed that the degree of banding decreases as the isothermal
transformation temperature decreases, since the relative difference between the ferrite
nucleation rates in regions with a low and a high A3, transition temperature decreases.
It was shown that the formation of micro-chemical bands is a prerequisite to band
formation, but that the kinetics of the phase transformation determines the actual
existence of microstructural bands.
Microstructural banding in Steels
Microstructural banding, more commonly simply referred to as banding, is a common
phenomenon in hot-rolled alloy steels. Research on banding has been conducted since
the beginning of the last century [1-14, 51-53] and is still ongoing, which led
Verhoeven [19] to describe this phenomena as an “ubiquitous microstructure”.
Microstructural banding has been defined as the manifestation of alternating bands of
16

different microstructures parallel to the rolling direction of hot-rolled steel [1-14, 20].
These bands are mainly ferrite and pearlite, but could in some cases be ferrite and
martensite, ferrite and bainite, two kinds of bainite, high-cementite as well as lowcementite and other combinations [2, 3, 7, 19]. An example of a banded microstructure
of 1020 steel and a 3-D optical micrograph of a banded microstructure is shown in
Figure 2.8 (a) and (b) respectively.

(b)

(a)

Figure 2.8: (a) Ferrite and Pearlite bands in 1020 steel hot-rolled plate. [3] (b) 3-D
Banded ferrite-pearlite microstructure shown by optical micrography [54].

2.4.1

Effect of deformation on Inter-dendritic Segregation

As has been previously explained, during the solidification of steel, regions of high
solute content are retained after the completion of solidification. The subsequent hotrolling of the steel in the austenite phase field results in the formation of bands of
alternating high and low solute content parallel to the rolling direction. The mechanism
by which this occurs is poorly understood and little studied [19, 27]. The effect of this
distribution of solutes and the subsequent transformation to ferrite has been studied in
detail by a number of researchers and their results are summarised as follows.
Due to the importance of ferrite nucleation in determining the formation of banding,
Offerman et al. [20] identified the influence of the micro-segregation of certain
alloying elements in hot-rolled medium carbon steel on austenite decomposition. The
principal aim of their study was to identify aspects of the austenite to ferrite/pearlite
transformation that leads to microstructural banding. They measured the ferrite
fraction formed as a function of time during isothermal annealing using a neutron
depolarization (ND) technique in addition to using EPMA to quantify the segregation
of solute elements. Two main criteria, that were earlier identified and employed by
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Rivera-Díaz-del-Castillo et al. [25] to quantify the formation of bands, were used in
their experiments to guarantee that banding occurs. The first was that the rate of
nucleation of ferrite in the region with a high A3 temperature must be more than 6-8%
higher than the rate in the regions with low A3 temperature. The other criterion was
that the annealing temperature and time above the A1 transition temperature must be
enough to allow carbon to diffuse over one half of the segregation wavelength during
the heat treatment process. These criteria were successfully implemented by
Offermann et al. [20] who found that the presence of chemical bands and the
isothermal transformation temperature were critical in determining the formation of
ferrite/pearlite banding. Ferrite/pearlite bands that formed at a relatively low
fluctuation of only 8K in A3 temperature between the bands are shown in Figure 2.9.
By contrast Grossterlinden et al. [23] found in a similar study that a difference of 50K
was required to induce banding when the steel was cooled continuously. Offerman et
al. [20] predicted that a critical cooling rate is required to induce band formation as
shown in Figure 2.10.

Figure 2.9: Concentration profiles of Mn, Si and Cr measured by EPMA corresponding
banded microstructure and calculated local calculated A3 temperature [20].

18

Figure 2.10: Difference in nucleation of ferrite rat r as function of isothermal
transformation temperature and critical undercooling for band formation [20]

Preßlinger et al. [55] studied the development of micro-segregation in cast and rolled
structures of slabs, hot-rolled strip and cold-rolled strip of two different steels (DP and
S355) of by using EPMA concentration mapping of alloying elements. They found
that the orientation of primary dendrites aligned parallel to the direction of heat flow
in the cast structure. During subsequent hot-rolling the distributions of silicon,
manganese, phosphorus, and chromium evolved with increasing deformation from the
initial dendrites to a banded structure at 70% reduction, as shown in Figure 2.12. The
alloying elements segregation did not change during rolling as illustrated in
Figure 2.13.

Figure 2.11: Segregation intensities as function of depth from slab surface [55]
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Figure 2.12: Change of Alloying element segregation structures with increasing
deformation in hot rolling [55] .

Figure 2.13: Segregation intensities as function of the degree of deformation [55].

2.4.2

Mechanisms of Microstructural Band Formation

The mechanism through which microstructural bands are formed in hot-rolled steels
has been extensively studied and two broad theories have been proposed (as opposed
to the mechanism by which micro-chemical bands form, which has received far less
attention). In 1956 Jatczak et al. proposed two mechanisms through which
microstructural banding may occur, these are, “Pre-segregation” and “Transsegregation”. Subsequently numerous authors have referred to these two mechanisms
[2, 3, 7, 12, 19, 21, 24, 27, 32].
Pre-segregation is related to the differences in carbon concentration present in the
microstructure before the transformation from austenite to ferrite occurs and which are
responsible for the location of ferrite nucleation. Segregated alloying elements either
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lower or raise the activity of carbon in iron in localized regions. The carbon
concentration attains equilibrium due to its high diffusivity in austenite. Where the
equilibrium concentration of carbon is low (due to an elevated carbon activity) ferrite
nuclei will form in preference to those areas with higher carbon content [19]. As shown
in Figure 2.14, highly mobile carbon homogenizes during cooling in the austenite
phase field but as the carbon maintains a uniform chemical potential in the austenite,
slight variations occur corresponding to the location of the manganese segregation.
Manganese lowers the activity of carbon and hence the manganese rich regions are
associated with higher carbon concentration. The spatial distribution of carbon
depends on the concentration of substitutional solutes in austenite and these
differences in concentration have been implicated as being the cause of banding.

Figure 2.14: An illustration of the pre-segregation mechanism of banding. [12]

The trans-segregation theory relates to the effect of alloying elements on the local Ar3
temperature, which determines where ferrite is nucleated first. In regions with a high
content of ferrite stabilizing elements such as phosphorus or silicon (that increase the
Ar3 temperature) ferrite nuclei will form at higher temperatures than in regions with a
high content of austenite stabilizers such as manganese, nickel and chromium [19].
To determine which one of these mechanisms dominates the formation of bands,
Kirkaldy et al. [32] simulated a segregated microstructure by welding a disc of alloyed
steel (with various alloying elements) between two discs of plain carbon steel with the
same carbon content. After a heat treatment process, the microstructures were analysed
by light microscopy to detect in which part of the sample ferrite formed first. Nickel
was used as the alloying element and as nickel lowers the A3 temperature this leads to
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ferrite bands in the plain carbon steel as nucleation of ferrite occurs in the higher A3
plain carbon steel than the nickel rich alloy steel.
A third mechanism of microstructural band formation is described in the literature
relating to steels containing high sulphur concentrations. In these situations
manganese-sulphides precipitate in the regions with a high concentration of
manganese. The manganese is then bound in the sulphide which is surrounded by a
manganese depleted zone, which then promotes the formation of ferrite (due to the
associated higher A3 temperature). The ferrite transformation then partitions carbon
into the higher manganese neighbouring zones which transformed to pearlite as shown
in Figure 2.15 [7, 12, 32].

Figure 2.15: The mechanism of banding in steels containing manganese [12].

2.4.3

Factors Influencing the Development of Microstructural Banding

Formation of microstructural banding in hot rolled steel depends on many factors. The
main factors that influence formation of microstructural banding are; steel
composition, cooling rate and austenite grain size.
2.4.3.1

Steel Composition

The most common form of banded microstructures is the ferrite/pearlite banding,
which occurs widely in plain carbon steels and in slow cooled low alloy AISI steels.
In such structures, longitudinal micrographs display alternating bands of ferrite and
pearlite lined up in the rolling direction wrought steel products. Figure 2.16 shows four
different AISI steels with different types of banding. The variation in concentration of
carbon and alloying elements leads to variation in segregation and subsequently
banding [19].
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Figure 2.16: Banded microstructure of four steels after austenitization and furnace
cooling [19].

2.4.3.2

Cooling Rate

The cooling rate applied after heat treatment in the austenite phase field of steel plays
a critical role in the austenite to ferrite transformation and the subsequent formation of
microstructural bands. Under slow cooling conditions, banded ferrite/pearlite
microstructures appear. However, at higher cooling rates, there is not enough time for
carbon diffusion and therefore, no banded microstructures result [22, 56]. Thompson
and Howell [9] showed that banding is less severe in a sample from the edge of a hot
rolled sheet where the cooling rate is higher than in the centre of the sheet as shown in
Figure 2.17. While fast cooling can suppress the formation of a banded microstructure,
it cannot remove the micro-segregation and bands may result again with reheating and
slow cooling.

(a) Center of transver plane

(b) Center of longitudinal
plane

(c) Edge of longitudinal plane

Figure 2.17: Optical micrographs of specimens taken from different locations of a hot
rolled steel sheet. The steel contained 1.5 wt.% Mn and 0.15 wt.% C [9].
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2.4.3.3

Austenite Grain Size

An important factor that significantly influences microstructural banding is the
austenite grain size prior to the austenite-to-ferrite transformation. Thompson and
Howell [9] have discussed this in detail and found that when ferrite grains nucleate at
austenite grain boundaries. If the austenite grains are small compared to the
wavelength of micro-segregation, sufficient nucleation sites are present and ferrite will
nucleate in regions of low manganese concentration. If the austenite grain size is two
or three time larger than the micro-segregation wavelength, there are not enough
nucleation sites for ferrite available and banding is not possible. The process by which
a small austenite grain size can produce banding is illustrated in Figure 2.18.

Figure 2.18: Model illustration of the growth processes leading to banding [9]

2.4.4

Effects of Microstructural Banding on Mechanical Properties

The mechanical properties of hot-rolled steel are significantly influenced by the
heterogeneity caused by microstructural banding. The impact of banding varies among
different types of alloys. Schwartzbart investigated the mechanical properties of a 0.21
wt.% carbon, 1.47 wt.% manganese steel which exhibited severe microstructural
banding. The transverse mechanical properties of the bulk material improved through
manganese homogenization. Working on a highly banded carbon steel, 0.3%C, Jatczak
et al. [24], however, concluded that homogenization causes little alteration in
longitudinal mechanical properties, and only slight, commercially insignificant,
improvements in the transverse ductility and impact strength. Owen et a1[57]
compared the behaviour of low-carbon steel with banded and homogenized
microstructures and found no difference in impact properties below the ductile to
brittle transition temperature. However, in the testing temperature range for ductile
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fracture, both longitudinal and transverse energy absorptions were higher in
homogenized specimens. Grange [29] concluded that both microstructural banding
and elongated inclusions cause anisotropy in mechanical properties in wrought steel
containing 0.25 wt.%C and 1.5 wt.%Mn. Elimination of banding was effective in
reducing anisotropy but resulted in only slight improvement of anisotropy in the steel
containing many elongated inclusions. Heiser and Hertzberg [58, 59] found that the
ductility and impact-resistance anisotropy in banded steel was controlled by the
delamination which occurred by inclusion/matrix interface separation in the
mechanically fibred material. When delamination occurs normal to the crack growth
direction, they are beneficial, by increasing the fracture energy and ductility, but when
they bands occur in the growth direction and on the fracture plane, they are detrimental.
Rao [60] studied the influence of banding on the impact and fatigue properties of a
high strength SAE steel and concluded that the elimination of banding brought about
an increase in impact strength and fatigue properties, and this was more pronounced
at lower temperatures than at higher temperatures. The endurance limit was also raised
by 8% by the removal of banding. Stauffer et al. [30] examined low alloy steels. The
presence of significant amounts of manganese, chromium, and molybdenum were
found in the inter-dendritic regions thus causing the segregated bands. Tensile testing
of specimen oriented in the short transverse direction of the plate showed low ductility
and a large variation in failure strains, depending on the continuity of the bands as well
as the presence of large precipitate particles within the bands. Crack initiation in line
pipe service failures has been traced to martensitic or hard segregation bands
intersecting the pipe surface. In order to study the effect of continuity of banded
structures on mechanical properties Tasan [61] and others have carried out a local in
situ analysis of the deformation of two distinct banded microstructures of dual phase
(DP) steel, coupled with micro-scale strain field measurements. The behaviour of
continuous hard band regions was compared with discontinuous softer band regions in
the same microstructure. Analyses from digital image correlation of in-situ electron
microscopy micrographs showed that effects of band continuity yield a clear
detrimental influence especially, for hard bands with a continuous morphology.
Figure 2.19 shows the local strain evolution in martensitic and ferritic grains in the DP
steel.
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Figure 2.19: Local strain evolution in martensitic and ferritic grains in DP [61].

The previous studies show the significant influence of banding on the mechanical
properties of different steels. However, Majka [3-5] showed that there is no evidence
of the effect of banding when he evaluated the tensile properties of laminated
specimens that simulate banding with sharp differences in chemistry and systematic
variations in band spacing. Spitzig et al. [62] concluded that, banding had no effects
on tensile or impact properties, while the shape and number of the inclusions had a
large influence.
Mechanical Properties at High Temperature
Segregation of alloying elements occurs during solidification, which results in an
inhomogeneous microstructure and variations in mechanical properties of the material.
The variation in mechanical properties between segregated regions and other phases
greatly affect the mechanical behaviour of the materials. Mechanical properties of each
phase are of significant importance for the understanding mechanical behaviour of the
material of this variation during subsequent process such as hot rolling. It is hard to
determine mechanical properties on micro-scale by use of traditional methods [63].
Thus, various methods [64-66] have been developed to quantitatively determine the
micro-scale mechanical properties of materials at such as weld materials. An important
example of these methods is nano-indentation technique.
2.5.1

Nano-indentation

Nano-indentation technique has been widely adopted to evaluate the characterization
of mechanical behaviour of materials at small scales [67-70]. As a relatively new form
of mechanical testing that expands on the capabilities of traditional hardness testing,
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the load-depth curve can be derived from the depth-sensing indentation technique
without measuring contact area, so both the hardness and elastic modulus can be
obtained. Detailed investigation of materials on micro-scale and nano-scale can be
measured because of its ultra-low loads (on the μN scale). For this reason, the method
has become a primary technique for determining elastic modulus, hardness, creep
resistance, residual strain, and fatigue properties of thin films, single grains, individual
phases and small structural features [70-72]. Furthermore, because of its high
sensitivity, nano-indentation can be a powerful tool determine physical and
mechanical properties of materials [72, 73]. Thus, however, nano-indentation testing
has most commonly been conducted at room temperature [72-74]. This is in spite of
the fact that materials and micro-devices are often employed at elevated temperatures
and deformation physics are usually thermally activated. However, characterizing
deformation requires the ability to test over as wide a range of temperatures as possible
to enable the study of properties under operating conditions [73-75]. Although this is
complicated by the difficulties encountered at elevated temperatures, nano-indentation
has recently been also performed at elevated temperatures. However, in the studies on
oxidizing materials such as metals, it is either required a sufficiently low test
temperature to retard oxide growth, or involved flowing inert gas to dilute oxygen
content in the atmosphere around the sample. Besides oxidation, another major issue
in elevated temperature nano-indentation is thermal drift. Thermal drift occurs when
any component in the load frame expands or contracts in response to changing thermal
gradients, resulting in the measurement of apparent displacement that is not a true
reflection of a material’s force-displacement response. During testing at room
temperature, thermal drift is generally low and assumed to be constant throughout the
test, allowing it to be subtracted from the material response in a straightforward
manner. Other difficulties are also encountered at elevated temperatures such as
degradation of the tip material and geometry and heating of electronic components
[73-75]. Of those experiments carried out at high temperatures, most are carried out in
air, resulting in either a limitation of the temperatures or materials tested. This can be
adequately managed for steel and other metals during testing in air up to 400°C with
appropriate equilibration [73-75].
At macro-scale, it has been found for bulk steel that the deterioration of mechanical
properties such as yield strength and elastic modulus of various steels grades at
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elevated temperature (dependent on steel grades), is generally insignificant up to
400°C [76-84]. Since the significant deterioration of mechanical properties of steel
occurs at higher temperatures, hot nano-indentation becomes inappropriate test to
study micro-mechanical properties of steel features at high temperatures.
Various mechanical properties such as the elastic modulus and yield strength of pure
iron and different steel grades have been determined with different techniques with
range up to 723°C where primary phase is ferrite (-phase). Mechanical properties of
different steel grades have been also determined at higher temperatures.
2.5.2

Elastic Modulus at High Temperature

Above this temperature steel undergo a phase transformation to mixture of ferrite and
austenite (-phase), or austenite at about 910°C [85]. Köster [86] provided data for
calculating elastic modulus, E at higher temperatures in austenite phase (-phase) in
the range between 910°C and 1000°C using the following equation:
𝐸 (𝑇) = 𝛾1 (1 − (𝑇 − 𝛾2)𝛾3 )

2.7

The value of 1 is 216 GPa, 2 is 26.85 °C and 3, is 4.7×10-4 °C-1. T is temperature
expressed in degrees Celsius.
In the two-phase field, ranging between 723°C and 910°C, it is more difficult to
evaluate the modulus as a function of temperature. Thus, a simple method [85] for
approximating the elastic modulus, E- in the two-phase region was used by
interpolating between the two phases as the following equation:
𝐸𝛼− (𝑇) = 𝐸𝛼 (𝐴1 ) +

𝐸𝛾 (𝐴3 )−𝐸𝛼 (𝐴1 )
𝐴3 −𝐴1

(𝑇 − 𝐴1 )

2.8

Where A1= 723°C and A3= 910°C
Different calculations of these elastic moduli of structural steels are also shown in
Figure 2.20.
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Figure 2.20: Elastic moduli at high temperature of some structural steels [85].

2.5.3

Yield Strength at High Temperature

A useful and often recognized relation is that the yield strength of steel as a function
of temperature, normalized to the room-temperature value. It was found that the
normalized curve for yield strength drops rapidly from unity beyond about 400 °C. An
equation was developed to represent the yield strength behaviour up to 800 °C for
some structural steels as following:

1

𝑇 𝑚1

𝜎𝑦 𝑇 = 𝜎𝑦 𝑅𝑇 {(1 − 𝐴2 )exp (− 2 [(𝑠 )
1

T is the temperature in °C and 𝜎𝑦

𝑅𝑇

𝑇 𝑚2

+ (𝑠 )
2

]) + 𝐴2 }

2.9

is the yield strength at room temperature and 𝐴2 ,

𝑠1 , 𝑠2 , 𝑚1 and 𝑚2 are yield reduction parameters. Figure 2.21 shows the ratio, f, of
high-temperature yield strength (𝜎𝑦 𝑇 ) to room-temperature yield strength (𝜎𝑦 𝑅𝑇 ) for
all steels characterized [85].
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Figure 2.21: ratio of high-temperature yield strength to room temperature yield
strength [85].

For temperatures above 800C, studies [76-80, 87-93] were also conducted for a
number of different steels. The yield strength at these temperatures was similarly
calculated by using the ratio, f, of high-temperature yield strength to room-temperature
yield strength. This reduction factor (f) of the yield strength of these steels is shown in
Figure 2.22 and Figure 2.23.

Figure 2.22: High-temperature yield strength behaviour for various structural steels
[77].
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Figure 2.23: High-temperature yield strength behaviour for various mild steels [77].

Qiang [80] developed an empirical equation representing the yield strength behaviour
of high strength structural steels at higher temperatures up to 1000C. The equation
is:
𝜎𝑦 = 𝜎𝑦
𝑇

𝑅𝑇

{1.8 × 10−8 𝑇 3 − 4.03 × 10−5 𝑇 2 + 2.74 × 10−2 𝑇 − 4.711} 2.10

where 650𝐶 < 𝑇 < 1000𝐶
Rolling Process
It is important for understanding the mechanism of micro-chemical and
microstructural banding formation during hot rolling, to understand rolling process and
behaviour of material during rolling. The rolling process can be defined as a
continuous process of plastic deformation for long parts of constant cross section, in
which a reduction of the cross sectional area is achieved by compression between two
rotating rolls (or more) [94]. In cold rolling the material is deformed at room
temperature (but it can be slightly higher with heat dissipation due to plastic work) and
in hot rolling the temperature is high (more than half of the absolute melting
temperature).
Another important distinction is made according to geometric considerations. Flat
rolling is performed with cylinders: this is also the case for sheet rolling or strip rolling
(in which the thickness is very small, of the order of millimetres or less), or slab rolling
(in which the slab thickness is of the order of 0.1 m) and any inter-mediate situation.
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Shape rolling allows the production of more complex work-specimen by using
appropriate roll geometries: the cross section of the part can be a round, an oval,
various beams, a rail, and so on. Figure 2.24 represents the general principle for flat
rolling and two examples of geometries in a vertical cross section by a plane parallel
to the rolling direction.

Figure 2.24: Flat rolling: (a) general, (b) cross section for slab rolling, (c) cross section
for rolling strip [94].

For hot or cold rolling of any geometry, the desired reduction of cross-sectional area
is too large to be feasible in one pass. The final deformation is progressively applied
by using several stands so that several pairs of cylinders successively deform the same
part as shown in Figure 2.25. There are thus interacting forces between two successive
stands, which induce tension (in plane loads) either in the direction of rolling or in the
opposite direction. In Figure 2.25, the smaller rolls are in contact with the sheet and
produce successive reductions of thickness. The small diameters limit the width of the
deforming region and thus the roll-separating force. The larger diameter rolls are
designed to prevent excessive bending of the work roll [94]. Traditionally, the initial
material form for rolling is an ingot or slab. Figure 2.26 gives a summary of the main
rolling processes.
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Figure 2.25: Schematic of a five-stand rolling mill [94].

Figure 2.26: Schematic of various flat-and-shape rolling processes [95].

A schematic illustration of the flat rolling process is shown in Figure 2.27. A strip
thickness ho enters the roll gap and is reduced to hf by a pair of rotating rolls, each roll
being powered through its own shaft by electric motors. The surface speed of the roll
is Vr. The velocity of the strip increases from its initial value Vo as it moves through
the roll gap, just as fluid flows faster as it moves through a converging channel. The
velocity of the strip is highest at the exit of the roll gap and is denoted as Vf. Since the
surface speed of the roll is constant, there is relative sliding between the roll and the
strip along the arc of contact in the roll gap, L. At one point along the contact length,
the velocity of the strip is the same as that of the roll. This is called the neutral, or no
slip, point. To the left of this point, the roll moves faster than the strip, and to the right
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of this point, the strip moves faster than the roll. Hence, the frictional forces, which
oppose motion, act on the strip as shown in Figure 2.27 (b).

Figure 2.27: (a) Schematic Illustration of the flat-rolling process, (b) Friction forces
acting on strip surfaces, (c) Roll force F and torque acting on the rolls [95].

The Finite Element Method
The Finite Element Method (FEM) is a numerical analysis procedure used to obtain
approximate solutions to boundary value problems, which are found in every field of
engineering. Difficulties found in everyday industrial applications do not have typical
single solution. Due to incapability to overcome many difficult structural mechanics,
material behaviour, heat transfer analysis, and fluid mechanics problems, the Finite
Element Method became an essential tool in the field of engineering mechanics and
materials
The FEM was initially applied to the structural analysis area and its associated theory
of elasticity. Then the FEM expanded to cover fluids heat diffusion equation. After
these successive development with the advances in computer technology, researchers
began to focus develop more complicated materials and behaviours such as fluids and
plastic/visco-plastic materials, whose behaviour is described by the theories of
plasticity, and visco-plasticity materials, which are used to explain the permanent
deformations that occur in the metal forming processes [96-98].
Finite element analysis, particularly nonlinear, facilitates the simulation of metal
forming processes in a more realistic manner than ever before, especially in the hot
rolling industry where the behaviour of steel at high temperatures needs more
understanding.
Plasticity
Steel and most metals and behave more likely perfectly plastic material follow
plasticity theories when they are subjected to hot deformation. During hot rolling, very
34

large strains and deformations involved, thus elastic strains can be disregarded during
the analysis of such processes [99].
Models of special limit theorems of plasticity have been developed and are usually
employed to overcome these type of problems. For formulation of basic plasticity
theories, the following assumptions are usually made:
1. The response is independent of rate effects: plastic deformations are
normally rate independent, i.e. the stresses induced are independent of the rate
of deformation (or rate of loading).
2. The material is incompressible in the plastic range: after plastic
deformation, the material will undergo negligible volume change.
3. There is no Bauschinger effect: the presence of the Bauschinger effect
complicates any plasticity theory.
4. The yield stress is independent of hydrostatic pressure: experiments show
that, for metals, the yield behaviour is independent of hydrostatic pressure. i.e,
stress state 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 𝜎𝑧𝑧 = −𝑝 has negligible effect on the yield stress of
a material to very high pressures.
5. The material is isotropic
These assumptions can be made on the type of hardening and on whether elastic
deformations are significant. For example, consider the models illustrated in
Figure 2.28, commonly used for metals in theoretical analyses. In Figure 2.28 (a) both
the elastic and plastic curves are assumed linear. In Figure 2.28 (b) work-hardening is
neglected and the yield stress is constant after initial yield. In Figure 2.28 (c) the elastic
curve is assumed linear and plastic curve is assumed exponential. Such perfectlyplastic models are particularly appropriate for studying processes where the metal is
worked at a high temperature such as hot rolling where work hardening is small [100105].
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Figure 2.28: Common models of elastic and plastic deformation of metals. (a)Linear
Elastic-Plastic Model (b) Elastic-Perfectly-Plastic Model [102]; and (c) ElasticExponential (Power-law) Hardening Model, [101].

With the assumption of that the behaviour of steel under compression (rolling) is
generally similar to that under tension and the true stress and strain are used, then the
two curves would coincide.
Stress and strain are related in the elastic region through
𝜎 = 𝐸𝜀

2.11

where E being the Young’s modulus.
In the plastic region, a commonly used relation to define the relation between stress
and strain is given by
𝜎 = 𝐾𝜀 𝑛 = 𝐻𝜀 𝑚

2.12

The strength coefficient, K or H, is the stress when  =1; and m or n is the strain
hardening exponent, 0 < n < 1 (0 is perfectly plastic and 1 is perfectly elastic) .
The tangent modulus K , as shown in Figure 2.29, is the slope of the stress-strain curve
in the plastic region and will in general change during a deformation. At any instant of
strain, the increment in stress dσ is related to the increment in strain dε through
𝑑𝜎 = 𝐾𝑑𝜀

2.13
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Figure 2.29: The tangent modulus [102].

After yield, the strain increment consists of both elastic, εe, and plastic, dεp, strains:
𝑑𝜀 = 𝑑𝜀 𝑒 + 𝑑𝜀 𝑝

2.14

The stress and plastic strain increments are related by the plastic modulus H:
𝑑𝜎 = 𝐻 𝑑𝜀 𝑝

2.15

and it follows that
1
𝐾

=

1
𝐸

+

1

2.16

𝐻

The phenomenon whereby yield stress increases with increasing plastic strain is known
as work hardening or strain hardening introduced by symbol k as hardening parameter.
As the elastic and inelastic behaviour is usually separated by the yield strength of the
material in the ductile materials such as most common metals, the hardening rules are
applied [100-105].
The yield stress is usually determined in a tensile test, where a single uniaxial stress
acts. However, the actual structure of material usually exhibits multi-axial stress state
which can be predicted in general multi-dimensions. This is done by use of a theory
called yield criterion which defines the limit of elasticity in a material and the onset of
plastic deformation under any possible combination of stresses. The yield criterion
provides a scalar invariant measure of the stress state of the material which can be
compared with the uniaxial case [100-105].
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There are several possible yield criteria. However, the two most commonly used and
successful yield criteria for isotropic metallic materials are the Tresca and Von Mises
criteria [100-102].
In general, a stress state can be separated into two components; hydrostatic stress that
generates volume change, and deviatoric stress that generates angular distortion as
schematically shown in Figure 2.30.

Figure 2.30: Stress state, hydrostatic stress, and deviatoric stress [106].

A purely hydrostatic stress σ1 = σ2 = σ3=p will lie along the vector [111] in principal
stress space. For any point on this line, there can be no yielding, since in metals, it is
found experimentally that hydrostatic stress does not induce plastic deformation [106].
If σ1 = Y, σ2 = σ3 = 0 then yielding will occur, where Y is a uniaxial stress [100-105].
Therefore, there must be a surface, which surrounds the hydrostatic line and passes
through (Y, 0, 0) that defines the boundary between elastic and plastic behavior. This
surface will define a yield criterion. Such a surface has also to pass through the points:
(0, Y, 0), (0, 0, Y), (–Y, 0, 0), (0, –Y, 0) and (0, 0, –Y).
The plane defined by the three points (Y, 0, 0), (0, Y, 0) and (0, 0, Y) is parallel to the
plane defined by the three points (–Y, 0, 0) (0, –Y, 0) and (0, 0, –Y).
The Tresca yield criterion states that a material will yield if the maximum shear stress
reaches some critical value
1

1

1

𝑚𝑎𝑥 {2 |𝜎1 − 𝜎2 |, 2 |𝜎2 − 𝜎3 |, 2 |𝜎3 − 𝜎1 |} = 𝑘

2.17

The value of k can be obtained from a simple experiment. For example, in a tension
test,
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𝜎1 = 𝜎0 , 𝜎2 = 𝜎3 = 0 and failure occurs when σ0 reaches Y, the yield stress in tension.
It follows that
𝑌

𝑘=2

2.18

The Von Mises yield criterion predicts that yielding will occur whenever the distortion
energy in a unit volume equals the distortion energy in the same volume when uniaxially stressed to the yield strength. The Von Mises criterion states that yield occurs
when the principal stresses satisfy the relation

√

(𝜎1 −𝜎2 )2 +(𝜎2 −𝜎3 )2 +(𝜎3 −𝜎1 )2
6

=𝑘

2.19

from a uni-axial tension test, k can be found as

𝑘 =

𝑌

2.20

√3

the Von Mises Stress in terms of Y is

σ𝑉𝑀 =

1
√2

√(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 = 𝑌

2.21

Thus, when the Von Mises Stress reaches the yield stress in pure tension, the material
begins to deform plastically.
The hydrostatic line and the yield surfaces for the Tresca yield criterion and the von
Mises yield criterion in plane stress are shown in Figure 2.31 (a) and (b) respectively:
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(a)

(b)

Figure 2.31: (a) The hydrostatic line and (b) the yield surfaces for the Tresca yield
criterion and the von Mises yield criterion in plane stress [106].

Experiments suggest that the von Mises yield criterion is the one which provides better
agreement with observed behavior than the Tresca yield criterion. However, the Tresca
yield criterion is still used because of its mathematical simplicity [105, 106].
It is very common to interpret yield criteria geometrically in a principal stress space.
The two non-zero principal stresses for plane stress, σ1 and σ2, so that σ3=0. The criteria
can then be presented in (σ1, σ2) 2-D principal stress space. Therefore, with σ3=0, the
Tresca criteria condition reduces to
max{|𝜎1 − 𝜎2 |, |𝜎2 |, |𝜎1 |} = 𝑌

2.22

and the Mises criteria condition reduces to
𝜎12 +𝜎1 𝜎2 + 𝜎22 = 𝑌 2

2.23
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These are plotted on the yield surface and some stress states are shown in Figure 2.32
in the stress space: point A corresponds to a uniaxial tension, B to A equi-biaxial
tension and C to a pure shear τ. The points inside these surfaces represent an elastic
stress state. Any combination of principal stresses which push the point out to the yield
surfaces results in plastic deformation.

Figure 2.32: Yield surface in 2D principal stress space [102].

As explained experiments show that under uniaxial loading, the strain at a given stress
has two parts: a small recoverable elastic strain, and a large, irreversible plastic strain.
However, for multi-axial loading, a general strain increment, dij is generalized by
decomposing it into elastic and plastic parts, as
𝑝

𝑑𝑖𝑗 = 𝑑𝑒𝑖𝑗 + 𝑑𝑖𝑗

2.24

In cases of the criteria, the yield stress, Y, that may increase during plastic straining,
so it is used as function of a measure of total plastic strain.
To predict the plastic strains induced by stressing the material beyond the yield point,
plastic strain increments are determined rather than total accumulated strain.
For Von Mises yield criterion with isotropic hardening, the small plastic strain
increments are determined from
𝑝

𝜕𝑓

3 𝑆𝑖𝑗

𝑑𝑖𝑗 = 𝑑 ̅𝑝 𝜕𝜎 = 𝑑 ̅𝑝 2
𝑖𝑗

2.25

𝑌
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where
𝑓(𝜎𝑖𝑗 , ̅𝑝 ) = 𝑑 ̅𝑝

𝜕𝑓
𝜕

3

= √2 𝑆𝑖𝑗 𝑆𝑖𝑗 − 𝑌(̅𝑝 )

2.26

where 𝑆𝑖𝑗 is components of the deviatoric stress tensor (MPa)
𝑆𝑖𝑗 = 𝜎𝑖𝑗 −

1

𝜎 𝛿
3 𝑘𝑘 𝑖𝑗

2.27

the Von-Mises yield criterion, and 𝑑 ̅𝑝 is determined from the condition that the yield
criterion must be satisfied at all times during plastic straining. This shows that
𝜕𝑓

𝜕𝑓

𝑓(𝜎𝑖𝑗 + 𝑑𝜎𝑖𝑗 , ̅𝑝 + 𝑑̅𝑝 ) = 𝑓(𝜎𝑖𝑗 , ̅𝑝 ) + 𝜕𝜎 𝑑𝜎𝑖𝑗 + 𝜕̅𝑝 𝑑 ̅𝑝 = 0
𝑖𝑗

𝜕𝑓

𝜕𝑌

𝜕𝜎𝑖𝑗

𝑑𝜎𝑖𝑗 − 𝜕̅𝑝 𝑑 ̅𝑝 = 0

𝑖𝑗

where

2.29

1 3 𝑆𝑖𝑗 𝑑𝜎𝑖𝑗

1 𝜕𝑓

̅𝑝 =
𝑑𝜎𝑖𝑗 =
ℎ 𝜕𝜎
ℎ2

2.28

2.30

𝑌

𝑑𝑌

ℎ = 𝑑̅𝑝
𝜕𝑌

where Latin subscripts (i, j, k) have the range (1, 2, 3) and ℎ = 𝜕̅𝑝 is the slope of the
plastic stress-strain curve.
Mathematical Models of the Rolling
Mathematical models of the flat rolling process are numerous. In each, the equations
of motion, thermal balance, material properties and roll deformation are used to
calculate the stress, strain, strain rate, velocity and temperature fields, the roll pressure
distribution, roll separating forces and roll torques [107, 108].
The accuracy of these models depends on the quality of the assumptions made. In the
conventional models, most researchers assume the existence of homogeneous
compression of the strip, considered to be made of an isotropic and homogeneous
material that is incompressible in the plastic state. Further, plane strain conditions are
assumed to exist and either a constant friction factor or Coulomb friction conditions
apply at the roll-strip interface. Assumptions and simplifications vary broadly when
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finite element methods are employed. The same applies to the material models the
main models used being the elastic plastic and rigid plastic ones [107].
A general mathematical model of the flat rolling process should include [107]:
a) Equations of motion of the deformed metal,
b) Heat balance of the roll/strip system,
c) Equations of equilibrium of the work roll,
d) Description of the frictional forces between the work roll and the metal,
e) Description of the material properties.
As the strip enters the roll gap it is first deformed elastically. It speeds up; the relative
velocity between the roll and the strip is such that friction draws the metal in. The
criterion of plastic flow governs the manner in which the transformation from elastic
to plastic happens in what is known as the elastic-plastic interface. The strip proceeds
through the roll gap and more plastic flow occurs until finally at the exit roll pressure
is removed. The strip is unloaded and it returns, through an elastic state to the original,
load free condition. It is observed that during rolling, the relative velocities of the roll
and the strip change and as the strip is accelerating forward it reaches the roll surface
velocity at the no-slip or neutral point. From then on, as further compression occurs,
the strip speeds up and the direction of friction changes in such a way that it now
retards motion. Exit velocity of the strip is often larger than that of the roll and the
difference between the two velocities is determined by the forward slip [107, 108].

Figure 2.33: Schematic Diagram of the Flat Rolling Process [107].
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Thermal events occurring during the strip’s passage through the roll gap are also of
importance. In fact, it is the thermal events that contribute most to the metallurgical
developments of the final structure of the rolled material. Surface conditions, roll wear
and thus roll life are also affected by thermal conditions. Heat is generated because of
the work done on the strip, increasing its temperature. Interfacial friction forces also
cause the temperature to rise. Contact with the cold and often water-cooled rolls also
causes heat losses. Metallurgical transformations also contribute to temperature
changes. A complete mathematical model should account for both thermal and
mechanical events, which occur in the deformation zone during the rolling process.
Several assumptions regarding material behaviour must be made. The material is
usually assumed to be, and to remain, isotropic and homogeneous; it is considered to
be elastic-plastic even though as gross plastic straining takes place, elastic
deformations may be quite small in comparison to plastic strains. During forming the
volume of the plastic region is taken to remain constant, and finally, a plane state of
strain is assumed to exit [107, 108].
Finite Element Model and Plasticity
The equations relating stress, strain, stress rate (increase of stress per unit time), and
strain rate are called the constitutive equations, since they depend upon the material
properties of the medium under discussion. In the case of elastic solids, the constitutive
equations take the form of generalized Hooke’s law, which involves only stress and
strain and is independent of the stress rate or strain rate. In plasticity however, the
constitutive equations have a more difficult formulation, as they need to describe more
complex phenomena. According to Lenard & Pietrzyk, functions describing the
constitutive behaviour of metals at high temperatures can be divided into several
groups [107, 108].
Group I: functions,  = 𝑓() , which account for the current strain () , and in some
cases, for the initial stress (𝑌 ) or initial strain (0 ),
Group II: functions  = 𝑓(, ̇ , 𝑇) , which account for an influence of the current
temperature (𝑇), strain rate (̇ ) and strain () ,
Group III: functions,  = 𝑓(, ̇ , 𝑇, 𝑤 ) , which in addition to the temperature, strain,
and strain rate, account for the influence of an internal state variable of the
material(𝑤 ),
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Group IV: functions,  = 𝑓(, ̇ , 𝑇, 𝑡), which also account for the time in addition to
the current temperature (𝑇) in degree Celsius, strain rate (̇ ) and strain (),
Group V: functions, which account for an influence of strain directions.
The basic factors that affect the magnitude of yield stress are the temperature and the
rate of deformation. Their influence is different in cold and hot deformation [94].
Metal undergoes strain hardening and the yield stress increases with the amount of
cold deformation. The rate of increase falls off as the degree of cold work increases.
Finally, a degree of cold work is reached, beyond which no increase in strain hardening
can be observed.
In hot deformation, the strain hardening and re-crystallization take place
simultaneously. Therefore, the effects of strain hardening are not very apparent.
Assuming that the deformation temperature is constant, it can be concluded that the
yield stress should also remain constant. The determination of the yield stress at
temperatures above 700 ºC is a challenge. The stress-strain curve does not show any
great change of direction on reaching the yield stress. Some researchers make the
assumption that at these high working temperatures the yield stress differs very little
from the ultimate tensile stress, and this value is sometimes defined as the constrained
yield stress, 𝑆 = 2𝑌 = 1.15𝑌 . The temperature of the specimen has great influence
on the strain rate. In order to study it, we will distinguish the following temperature
ranges [94, 108, 109]:
Lower temperature range: brittleness can occur on applying large strain rates to
metals which are ductile at low strain rates,
The cold deformation range (below recrystallization temperature): the influence of
strain rate is very small but the mechanical factors introduced due to the increase of
strain rate can be of importance,
Higher temperature range (above recrystallization temperature): while the
phenomena of cold work occurs at high strain rates, hot working takes place at low
strain rates,
Hot deformation range: The strain rate has an important influence. The higher the
strain rate, the higher the yield stress. At very high temperatures, as the strain rate
increases, the heat has no time to be dissipated and remains in the metal, causing a rise
in temperature. This results in lowering the range of fusion temperature of the metal at
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high strain rates, and hence the permissible temperature range for hot working
becomes narrower. Therefore, low strain rates are necessary in hot rolling.
The basic factor that decides the degree of plastic deformation of metal is the yield
stress, which is dependent on the condition of the metal at the moment of deformation.
a) For deformation and forming problems under conditions insufficient for
recrystallization – cold working, the yield stress depends on: the properties of
material, the amount of cold deformation or initial strain hardening, the strain and
the strain rate to a very small degree which is almost negligible.
b) Deformation above the temperature of recrystallization processes (hot working),
the yield stress depends on: the properties of material, the strain, the strain Rate
and the temperature of deformation.
Therefore functions in group I are effective in the simulation of cold deformation
processes, and functions in groups II, III, IV, and V are the ones used to simulate hot
forming processes.
For cold rolling hot rolling, the most common and at the same time accurate
constitutive equation is given by the well-known power law (Eq. 2.12)
In the literature we find some variations of the power law such as:
Dasko
𝜎 = 𝐾(𝜀0 + 𝜀)𝑛

2.31

𝜀0 = pre-existing amount of strain hardening
Ramberg-Osgood
𝜎 = 𝜎𝑌 + 𝐾𝜀 𝑛

2.32

𝜎𝑌 = yield stress
Haslach and Armstrong [110] reported that the larger the hardening exponent, the
easier the metal is to cold work. Experiments have shown that the strain hardening
coefficient, K, is proportional to the square root of the density of dislocations in the
material.
46

2.10.1

Basic Model of Flat Rolling

Figure 2.34 illustrates the stresses acting upon a differential elemental vertical section
of the flat specimen between the rolls. It has been reported to analyse the plastic
deformation of the specimen an infinitesimal element in the specimen of thickness dx
to be selected, and all normal and friction forces acting on the element have been
identified. Then the appropriate differential equation can be derived from which a
solution is obtained by integration of the equation using appropriate boundary
conditions and then assumptions are made [107-109, 111-115].
The assumption includes:
a) The direction of the applied load and planes perpendicular to this direction
define principal directions,
b) The principal stresses do not vary on these planes,
c) The frictional forces do not produce the internal distortion of the metal and do
not change the orientation of the principal directions,
d) Plane vertical sections remain plane and therefore, the deformation is
homogeneous in regard to determination of induced strain,
e) Elastic deformation of the specimen is negligible in comparison with the
plastic deformation,
f) There is no elastic deformation of the tool in the contact zone,
g) The compressive strength is constant throughout the contact length,
h) The specimen does not spread laterally as we assume a state of plane strain,
i) There is no roll flattening in the arc of contact,
j) The peripheral velocity of the rolls is constant,
k) Material does not undergo work-hardening during its passage between the
rolls,
l) The compression rate from point along the arc of contact does not have any
effect on the magnitude of the compression strength,
m) The vertical component of the friction force is negligible.
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Figure 2.34: A schematic of the deformation zone in flat rolling [111].

The horizontal forces acting on vertical faces of the section dx produce compressive
stresses x +dx acting on the face of the section of height h+dh and compressive
stresses x acting on the face of height h.
The equilibrium of the horizontal forces acting on section dx may be expressed as:
(𝑥 + 𝑑 𝑥 )(ℎ + 𝑑ℎ) ± 2µ𝑦 𝑑𝑥 − 2𝑦 𝑡𝑎𝑛𝑑𝑥 − 𝑥 ℎ = 0

2.33

Or 2𝑦 (𝑡𝑎𝑛 ± µ)𝑑𝑥 = 𝑑(ℎ𝑥 )

2.34

where the (-) sign corresponds to the sections dx located between the entry and neutral
planes and sign (+) corresponds to the sections dx located between the neutral and exit
planes.
1 𝑑ℎ

Since, 𝑡𝑎𝑛 = 2 𝑑𝑥 , then
𝑑ℎ

𝑦 𝑑𝑥 ± 2µ𝑦 =

𝑑[ℎ𝑦 ]
𝑑𝑥

2.35

Ginzburg [111] analysed it as the theory of homogeneous deformation using the yield
criterion for plane strain, 𝑦 − 𝑥 = 2𝜏𝑦 , and 𝑃 = 𝜎𝑦 as
𝑃

𝑑ℎ
𝑑𝑥

± 2µ𝑃 =

𝑑[ℎ(𝑃−2𝜏𝑦 )]
𝑑𝑥

2.36

However, these type of models have a lot of limitations because they are based on the
inaccurate assumption that a plane vertical section of the rolled material remains plane
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during rolling. However, this contradicts the facts obtained from numerous
experiments and FEM simulations. Another limitation of the theories of homogeneous
deformation arises from the assumptions that the yield stress of the material and the
coefficient of friction remain constant. Further, the homogeneous theories of rolling
give a simplistic description of the deformation zone that can be improved if such
factors as roll flattening and elastic recovery of the rolled strip are taken into
consideration. These models have been improved afterwards by implementing more
assumptions. The development assumptions include nature of frictional forces and
contact between roll and specimen to include for example deformable-rigid contact,
deformable-deformable contact and, stick, shear and sliding friction [115, 116].
2.10.2

Plane Strain Model

The 2-D plane strain of rolling models is designed to predict the main flat rolling
parameters, namely, the rolling loads, temperature and velocity fields, the overall
geometric changes of deformed specimen, and the metal flow under different
temperatures, as well as the optimum conditions for the flat rolling process. The
process can be modelled as a two-dimensional or a three-dimensional problem. Both
have their advantages and trade-offs. The 3-D model is more accurate in its description
of the process because it takes into account the spread (deformation in the direction of
the thickness) that the specimen undergoes. This important factor is ignored by the 2D plane strain models where εz=0. The 3-D method is however more computationally
expensive as the number of elements is increased. One of the most efficient approaches
to the simulation of the flat rolling process is the plane-strain method.
The thermo-mechanical interactions such as transient heat transfer & dynamic
mechanical during rolling process can be modelled as a coupled thermo-mechanical
transient dynamic problem
There are three assumptions to model the plane-strain flat-rolling:
1. Deformable-Rigid coupled analysis: where the slab is modelled as a
deformable body and the rolls as rigid.
2. Deformable-Rigid with heat transfer coupled analysis: where the slab is
again modelled as a deformable body, but the rolls are modelled as a rigid body
with heat transfer (this approach utilizes a special kind of element)
3. Deformable-Deformable Coupled analysis: where both the steel strip and the
rolls are modelled as deformable bodies.
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The cold rolling model uses the work hardening material model that is implemented
using the elastic-plastic material formulation. However, hot rolling model uses rigidvisco-plastic flow formulation so no hardening is necessary.
2.10.2.1 Elastic-Plastic Flow Model
The elastic-plastic or elasto-plastic solid formulation is more realistic than the rigidplastic approximation, as it takes into account the elastic contribution to the total strain
rate
𝜀̇ = 𝜀̇ 𝑒 + 𝜀̇𝑝

2.37

This approach is necessary when analysing processes in which the elastic effects play
significant role. Similar to the cold rolling process, the strip enters the roll gap and
deformed elastically first. As the strip proceeds through the roll gap plastic flow occurs
until finally at the exit the roll pressure is removed. The strip is, at that time, unloaded
and it returns through an elastic state to the original load free condition. The elastoplastic approach is also necessary for processes where residual stresses are existent.

Figure 2.35: Schematic Illustration of the strip elastic recovery [111].

The finite element method for metal forming problems are based on the use of the
Prandtl-Reuss equations for elastic-plastic materials [111]. The formulation is given
in the rate form and assumes the infinitesimal theory of deformation
𝑝
𝜀̇𝑖𝑗
= ̇ 𝑖𝑗

2.38

1

̇ 𝑖𝑗 = 𝜏 √𝜀̇𝑖𝑗 𝜀̇𝑖𝑗

2.39

𝑌
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where ̇ is flow rule nonnegative factor of proportionality.
2.10.2.2 Visco-Plastic Flow Model
The experimental tests show that the deformed metals exhibit temperature, strain and
strain rate sensitivity. A material behaviour that exhibits rate sensitivity is called viscoplastic [117].
There are several materials that prone visco-plastic behaviour such as most of metals
at high temperature. When there is large deformation, most of materials are considered
to be rigid-visco-plastic which is the case of the hot rolling process.
In cold rolling processes, the strain is the major factor affecting the yield stress, while
the influence of the other two parameters is negligible. Thus, an elastic-plastic
description of the material’s resistance to deformation is the most suitable for these
processes. The yield stress 𝜎𝑌 in the Levy-Mises flow rule is given in the form of a
strain-hardening curve.
In hot rolling processes, metals are also sensitive to changes of temperature and strain
rate, and the influence of these parameters is often much stronger than the influence of
strain. The behaviour of these materials is well described by rigid-plastic flow and also
by the visco-plastic flow rule, which is expressed by a visco-plastic potential [107].
Since the hot rolling models are rigid-visco-plastic and assume negligible elastic
response during the deforming. The flow formulation of the finite element method for
metal forming processes is based on the Levy-Misses plasticity model for rigid-plastic
materials, which assumes that work hardening is negligible, and is given by
𝜀̇𝑖𝑗 = ̇

𝜕𝑓(𝜎𝑖𝑗 )
𝜕𝜎𝑖𝑗

=

3 𝜀̅̇

𝑆
̅ 𝑖𝑗
2 𝜎

2.40

3 𝜀̅̇

̇ = 2

2.41

̅
𝜎

2
𝜀̅̇ = √3 𝜀̇𝑖𝑗 𝜀̇𝑖𝑗

2.42

2

𝜎̅ = √3 𝑆𝑖𝑗 𝑆𝑖𝑗

2.43
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For both the hot and cold rolling models, the von Misses yield are usually used when
building and analysing Finite Element Models.
2.10.3

High Temperature Model for Steel Rolling

Shida’s model for behaviour of carbon steels at high temperature using a cam-plastometer was reported by Pietrzik & Lenard [108]. Shida [118] tested about 200 low,
medium and high carbon steels and developed a comprehensive set of empirical
equations, which describe the metal resistance to deformation as a function of the
temperature, strain rate, strain, and the carbon content. The equations also take into
account the behaviour of the steels in the austenitic, ferritic and in the two-phase
regions.
Shida’s model is given by the relations:
𝜀̇

𝑚

𝑘𝑔

𝜎 = 𝜎𝑓 𝑓 (10) (𝑚𝑚2 )

2.44

Where for
𝐶+0.41
1. 𝑇̅ ≥ 0.95 𝐶+0.32



𝜎𝑓 = 0.28𝑒

5 0.01
))
𝑇 𝐶+0.05

(̅(

,

𝑚 = (−0.019𝐶 + 0.126)𝑇̅ + (0.075𝐶 − 0.05)

̅ ≤ 0.95
2. 𝑇

𝐶+0.41
𝐶+0.32

𝐶+0.32

𝑞(𝐶, 𝑇̅ ) = 30(𝐶 + 0.9) [𝑇̅ − 0.95 (

0.01

(
−
)
𝜎𝑓 = 0.28𝑞(𝐶, 𝑇̅)𝑒 0.19(𝐶+0.41) 𝐶+0.05 ,


𝐶+0.49
𝐶+0.42

2

)] +

𝐶+0.06
𝐶+0.09

, 𝑚 = (0.018𝐶 − 0.154)𝑇̅ − 0.019𝐶 + 0.207 +
(

0.027

𝐶+0.32

Where
𝑓 = 1.3(5𝜀)𝑛 − 1.5𝜀

T= temperature in °C, 700<T<1200

𝑛 = 0.41 − 0.07𝐶

C= carbon weight percent, C<1.2%

𝑇̅ =

𝑇 + 273
1000

𝜀̇= strain rate, 0.1< 𝜀̇<100 s-1
𝜀= strain < 70%
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)

All constitutive equations that are dependent on the temperature are part of what is
known as temperature dependent plasticity. As seen in Figure 2.36, as the temperature
increases, the stress-strain curve becomes more relaxed, i.e. the slope of the elastic and
plastic part decreases.

Figure 2.36: Temperature Dependent Stress-Strain Diagrams (T3>T2>T1) [115].

The above behaviour is perfectly captured by Shida’s model for high temperature steel.
The graphical representation of this equation is obtained by plotting the flow stress
versus the strain, the strain rate and the temperature for the following ranges for each
of the three independent variables:
0≤ 𝜀 ≤ 1,

1 ≤ 𝜀 ≤ 50̇ (s −1 )

and

700 ≤ 𝑇 ≤ 1200

This model is particularly convenient for the hot rolling process where as the specimen
deforms, the strain, strain rate, and temperature all change simultaneously.
FE Models for Rolling Simulations
Many models have been proposed for simulation of hot rolling based on the finite
element method. FEM has been widely developed of rolling processes to predict
different physical phenomena such as metal flow occurring in the strip during cold and
hot rolling together with its thermo-metallurgical evolution and the thermal. FEM
allows calculations and observations of stress strains, strain rates, metal flow and
thermal characteristics through the cross section using two-dimensional or threedimensional rolling simulation, either steady or non-steady-state [119-126].
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2.11.1

Simulations of Rolling Process

During hot rolling, numerous thermal and mechanical interactions between the strip as
it contacts the rolls. Prediction of the detailed thermal behaviour of the strip has been
of great interest of many researchers for a variety of reasons. The metal flow is
influenced by the temperature and stress, distribution in the specimen, since the flow
stress is strongly dependent on temperature. The temperature distribution in the
specimen is affected by heat generation due to plastic deformation and interface
friction and also by the velocity field in the specimen, resulting in a strong correlation
between the mechanical and thermal phenomena in the specimen.
Chen et al. [127] and Tseng and Wang [128] developed the two-dimensional finite
difference method (FDM) to predict the temperature profiles in the specimen and the
roll and the two-dimensional FEM to predict the mechanical behaviour in the
specimen. Pietrzyk and Lenard [107] applied the two-dimensional FEM to analyse the
thermo-mechanical behaviour of the specimen and the thermal behaviour of a contact
area of the roll. Grober [119] showed the FEM predictions of strain on the crosssectional side. The predicted strains were not uniform for reductions greater than 20%
and the non-uniformity increased with increasing reduction. Micari [120] was
performed a three dimensional analysis on hot steel rolling of the head of specimen.
The total strain was predicted on the lateral side and on the top side but not through
the cross section. This was done for two assumptions: an initial w/h ratio of 2 and a
reduction in height of 18%, and an initial w/h ratio of 5 and a reduction in height of
27%. The analysis showed that the largest total strain was occurring at the corner of
the specimen at the head for both simulations. The strain at the corner was reported to
be 1.1 compared to 0.9 for the centre of the top surface and 0.2 for the centre of the
lateral surface as illustrated in Figure 2.37. Zhou [126] developed a FEM simulation
model for hot rolling of steel strips integrating different phenomena such as the
mechanics and the heat transport in the strip and the roll, and the metallurgical
behaviour of the strip. The inhomogeneity of strain rate and strain across the strip
thickness were demonstrated as shown in Figure 2.38 (a) and (b) respectively.
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Figure 2.37: Plastic strains on the lateral and on half of the upper surface of the
specimen [120].

Figure 2.38: (a) Effective strain rate (1/s) (b) Effective strain at different reductions
[126].

2.11.2

Modelling of Microstructures Behaviour

Microstructural behaviour and evolution of various carbon steels during hot rolling
and their effects on materials flow, have been studied in order provide fundamental
information to optimise conditions of hot rolling processes for better products quality.
The microstructural evolution under hot deformations generally involves strain
hardening, recovery, re-crystallisation and grain evolution, all of which are highly
temperature and deformation rate-dependent.
A number of mathematical models, which are adopted to predict microstructural and
mechanical properties of steel products during hot rolling, have been developed in the
past decade. The models either concentrate on separate dynamic and static recrystallisation [129], stress–strain relationships coupled with dynamic recrystallization [130, 131], or low deformation rate at high temperature [132]. Liu [133]
developed a visco-plastic model based on experimental data to predict the evolution
of dislocation density, re-crystallisation and grain size, and their effects on viscoplastic flow of a C–Mn steel.
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However, efforts have been spent investigating the various aspects and deformation
behaviour at macroscopic level. Since the macroscopic mechanical behaviours of
inhomogeneous materials including steel significantly depend on the microstructures,
modelling of steel behaviour during deformation needs to be accomplished on the
microstructure level to understand local deformation mechanisms [134, 135]. Choi et
al. developed a FEM to study the ultimate ductility and failure modes of TRIP steel
under different loading conditions. Paul [136] employed a micromechanics based
approach to predict the flow behaviour, plastic strain localization and plastic instability
of DP steels. Sun et al. [135] and [137] predicted ductile failure of DP steels in the
form of plastic strain localization resulting from the incompatible deformation
between the harder martensite phase and the softer ferrite matrix. Uthaisangsuk et al.
[138] used the Gurson–Tvergaard–Needleman (GTN) model with two void nucleation
mechanisms, in ferrite to capture ductile damage and cohesive zone model in ferrite–
martensite interface to capture decohesion of interface. Nygårds [139] modelled twophase ferritic/pearlitic steels using a finite element two-dimensional micromechanical
model based on the stress–strain curves of the pure phases. The model evaluated local
stresses and strains and the plastic behaviour by applying uniaxial tension tests on pure
ferrite and pearlite specimens, as well as on materials containing 25 and 58% pearlite.
The FEM has also been widely used for analysing of rolling of inhomogeneous internal
structures of steel by mean of inclusions in steel matrix. Luo and Ståhlberg [140] and
[141] developed a rigid-visco-plastic 2D FE Model, and obtained the shape along
rolling direction of the oxidized inclusions and the MnS inclusions in flat rolling
process at different rolling conditions. Melander [142] simulated the behaviour of short
cracks between the inclusions and the matrix under rolling contact fatigue load was by
and investigated the effects of the inclusion shape on the behaviour of cracks. Hwang
and Chen [143] simulated the void generation and development around the inclusion
which was assumed to be rigid, and found out that the void length in front of inclusion
was larger than that in rear of inclusion under different rolling conditions. Yu et al.
[144] used a FE model with a transition layer between the inclusion and the strip matrix
was established for analysing the inclusion deformation and the crack generation. Yu
et al. [145] developed a 2D FEM model to predict and analyse behaviour the
deformation of inclusion during multi-pass cold rolling. The strain distribution was
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calculated during cold rolling between various sizes and type of inclusions (soft and
hard) and steel matrix using a 3D FEM by Yu et al. [146].
Although, FEMs coupled with other simulation techniques have been also effectively
used for better understanding of dendritic structures formation and growth during
solidification[36, 42, 147], FEM have not been used study the behaviour of dendritic
structures and inter-dendritic segregations of steel during hot rolling.
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Behaviour of Dendritic Structures during Hotrolling of Medium-Carbon Steel
Introduction
During the continuous casting of steel, the main solidification structures that form are
primary dendrite arms, secondary dendrite arms, and areas of inter-dendritic
segregation (micro-segregation). These three features, or dendritic structures, strongly
control the formation of micro-chemical banding during subsequent hot-rolling which
leads to formation of microstructural banding upon subsequent heat treatment
processes.
These microstructural developments were analysed by optical, SEM and EPMA
analyses. EPMA was used to detect and quantify quantification segregation of alloying
elements, mainly manganese, silicon, phosphorus and sulphur [148-150]
A series of hot-rolling tests were conducted on as-cast medium-carbon steel to study
the behaviour of dendritic structures, including micro-segregation during hot-rolling.
The changes of the dendritic structures subjected to different amounts of full and
partial deformation at 25%, 50%, 75% and 90% reduction using lab rolling mill, were
analysed using optical microscopy with picric acid etchant and EPMA. Macro and
microscopic behaviour of dendritic and inter-dendritic structures and mechanisms
leading to micro-chemical banding, the main source of micro-chemical banding,
during hot-rolling were observed. The effects of deformation and reheating prior hotrolling on the concentration of alloying elements contained in dendritic structures were
examined. In addition, the variation in chemical compositions of the dendritic and
inter-dendritic regions was also assessed.
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Experimental Work
Table 3.1 shows the composition of the steel used in the experimental work. This
medium-carbon steel was continuously cast in conventional casting machine and has
relatively high manganese content with very low contents of other alloying elements.
Manganese in this steel increases the strength and hardness, which renders it suitable
for case hardening. and it is used for parts which require a hard wear-resistant surface
and a soft core, for example, small shafts, plungers, and lightly loaded gears in a wide
range of industries such as the , agricultural and automotive industries [151]. This steel
was selected in this study specifically because of its tendency to form a severe degree
of micro-structural banding following subsequent hot-rolling and heat treatment.
Table 3.1: Steel composition used in this study (Concentrations are given in percentage
by mass).

3.2.1

%C

%Mn

%S

%P

%Si

0.316

1.27

0.0073

0.0078

0.01

Sample preparation

Blocks, 100×80×70 mm, were initially cut from 220-mm-thick continuously-cast slab
as in order to include the chill and columnar zones and avoid centreline region of the
slab as shown in Figure 3.1. For as-cast metallographic examination, samples
10×10×10 mm in size were cut from the top surface of the block to the bottom as
follows: One set of samples were cut every 10 mm in transverse direction
perpendicular to the casting direction and another set were cut every 5 mm parallel to
the casting direction.
For hot-rolling experiments, samples of 70×10×15 mm with inclined head were cut
from the bottom region of the block as shown in Figure 3.1. The bottom region of the
block was selected for the rolling tests because the dendritic structures in this region
are coarse and well-oriented in a direction perpendicular to the rolling direction. The
samples were then cut after rolling, tested along rolling direction and prepared for
metallographic analysis.
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Figure 3.1: Preparation of samples from plant slab to lab hot-rolling.

3.2.2

Hot Deformation Test

Hot-deformation tests were performed on a laboratory-scale rolling mill (Hille Mill).
The mill can be used to carry out single-pass forward-forward or forward-reverse,
rolling. The mill has a three-phase 7.5 hp (5592.75 Watts) induction motor for the main
drive, reduction gears for roll speed adjustment (between 5-30 rpm from the feed motor
speed of 1400 rpm) and two rolls with a diameter of 55mm. The maximum torque of
the Hille mill is 1700 Nm and the maximum load of 250 kN. The roll gap is adjusted
by a 0.5 hp (372.85 Watts) motor via a worm-wheel screw down mechanism linked to
the top roll.
Samples of as-cast medium-carbon steel from the bottom region of the columnar zone
(near the centre of the slab – see Figure 3.1) which have coarse, stable and welloriented dendrites, were heated to 1100C in a tube furnace and held for 30 minutes
with injection of argon. Two types of test were then performed in single-pass forward
rolling: full deformation and partial deformation as shown in Figure 3.2 of the
specimen shown in Figure 3.1. The thermal and mechanical treatments used simulated
the actual industrial rolling process.
The full deformation tests were conducted as follows: the samples were soaked at a
temperature of 1100C and then subjected to four different single-pass forward rolling
reductions of 25%, 50%, 75% and 90%. The samples were then cooled in air.
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Deformed samples were cut in half along the rolling direction and prepared for
metallographic examination. In the partial deformation test, the samples were also
soaked at a temperature of 1100C and subjected to a single-pass forward rolling
reduction of 90%. Half-way through the rolls, the rolling experiment was terminated,
the upper roll raised and the half-rolled specimen air cooled. Deformed samples were
then cut in half along the rolling direction and samples were prepared for
metallographic examination.

Figure 3.2: Thermal cycle of hot-rolling test.

3.2.3

Metallography

In order to track dendritic structures and their behaviour during hot-rolling,
metallographic examinations were carried out on the as-cast and as-rolled samples.
Optical microscopy was conducted following an picric acid etch to reveal microsegregation of alloying elements as proposed by Samuels [8]. The dendritic structures
of as-cast and as-rolled medium-carbon steel specimens were revealed by a reagent
consisting of 80 ml of saturated aqueous picric acid, in addition to few drops of HCl
and drops of teepol. Specimens were immersed into this solution at 68°C, whereupon
the surface was covered by a black surface layer. Depending on the conditions of each
sample, the duration of etching ranged between 5 and 10min. Then, cross-sectional
areas of the tested samples were examined using optical microscopy. Tens and
sometime hundreds, depending on the area of investigation, of digital photographs
were taken for each prepared cross-sectional area using Leica Camera at magnification
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of 50 times. The micrographs were then stitched together in order to provide a full
picture of the entire specimen. The same metallographic procedure was used for
samples after rolling in order to reveal changes in dendritic structures after different
deformations applied on the investigated materials.
3.2.4

Dendrite Arm Spacing

Dendrite arm spacing and especially secondary dendrite arm spacing has been linked
to the mechanical properties of most cast alloys as shown by Campbell [152], Totten
[153] and Flemings [37]. For this reason, dendrite arm spacings were measured in this
study.
The as-cast and as-rolled specimens etched with a picric acid and examined under the
microscope, were used for the measurement of primary as well as the secondary
dendrite arm spacings. Samples were sectioned from the slab section at intervals of 5
to 10 mm from the surface to the quarter thickness in the direction towards the centre
of slab. Samples were collected from all identical locations of slab cross-sections to
study the variation of dendrite arm spacing across all faces. The dendrite arm spacing
was measured by image analysing software developed by Griesser [154] . On average,
30 measurements at magnifications of 32 and 50 times were recorded at each location
and the average dendrite arm spacing is reported. Primary dendrite arm spacing was
measured on the faces of specimens sliced in the transverse section, parallel to the
casting direction, of the as-cast samples. At each location, an average of 30
measurements was used as the value of primary dendrite arm spacing. Secondary
dendrite arm spacing was measured by averaging the distance between adjacent side
branches in the longitudinal section of a primary arm. 30 values of λ2 were measured
on average for each selected position. The same procedures were used to measure
secondary dendrite arm spacing following hot-rolling of the samples.
3.2.5

Electron Probe Micro-Analysing

Qualitative and quantitative mass analyses using EPMA were carried out on the
dendritic and inter-dendritic regions of as-cast sample collected from near centreline
region where dendritic structures are well-oriented and formed almost in stable and
uniform shape. The same analyses were also carried out on the and as-rolled specimens
after applying hot-deformation. In order to investigate the variation in alloying element
concentrations between dendritic and inter-dendritic regions of as-cast, parallel line62

scans across each region were performed. The analyses were carried out using A JEOL
JXA-8500F HYPERPROBE with a SCHOTTKY field emission source and a
CAMECA SX-50 EPMA instrument. The EPMA used is a fully automated instrument
employing four wavelength dispersive spectrometers (WDS) and one silicon drift
detector energy dispersive x-ray (SDD-EDS) analyser for the detection and nondestructive analysis of most elements (Z≥4) in the periodic table. Quantitative analysis
was carried out on the bulk matrix and areas of micro-segregation. X-ray elemental
line scans are carried out across areas of dendritic and inter-dendritic. Colour-gradient
quantitative WDS elemental distribution maps, mainly manganese and carbon were
generated and SE and BSE images captured of the dendritic and inter-dendritic
regions. Table 3.2 shows basic quantitative and qualitative settings and conditions for
the EPMA. The instrument is equipped with a liquid nitrogen trap to reduce
contamination during light element analysis. This study was performed using the
JEOL JXA-8500F Field-Emission SEM-EPMA HYPERPROBE (WDS & SDD-EDS)
at UNSW. Prior to performing EPMA analysis, all specimens were cut, ground, and
polished using standard metallographic techniques.
Table 3.2: Conditions and Basic Settings for the Microprobe

Analysed elements

Manganese (Mn)

Analysing crystal material
Acceleration voltage
Electron beam current
Pre-set value for the probe
diameter
Dwell time per measurement
point
Number of measured points

Lithium fluoride
20 kV
1.5e-7A

Qualitative point
analysis conditions
Carbon (C) , Manganese
(Mn)
Lithium fluoride
20 kV
1.5e-7A

0 (focused)

0 (focused)

20 ms

20 ms

60 to 100

Intervals

5 µm

675*675 and 500*900
X: 4 µm; Y:4 µm and
X:3µm; Y: 3µm

Measurements

3.2.6

Quantitative point
analysis conditions

Simulation of micro-structural segregation

Simulation of micro-structural segregation was conducted using DICTRA software to
investigate variations after reheating prior to hot-rolling. DICTRA simulations are
based on multicomponent diffusion assuming finite interface mobility and using
thermodynamic data [155-158].
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For the purposes of simulation, a steel containing only 0.3 wt. % carbon and 1.2 wt. %
manganese was used. The simulations were performed using the thermodynamic
database TCFE6 and mobility database MOB2. The cell size used in the simulation
was the approximate primary dendrite arm spacing measured from as-cast specimens,
i.e., 100 μm.
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Result and Discussion
The evolution of dendritic structures through deformation was studied for the steel
composition selected for this work, which eventually develop micro-chemical
banding. The characteristics and behaviour of the dendritic structures during a series
of hot-rolling experiments were examined. In addition, the change of chemical
composition during deformation as well as reheating prior hot-rolling was investigated
experimentally and simulated.
3.3.1

As-Cast Structures

In order to study the behavioural changes of dendritic structures during hot-rolling, the
morphology of as-cast structures of the steels was initially observed. This includes the
quantitative measurement of the primary and secondary dendrites arm spacing of the
as-cast structures.
3.3.1.1

Metallography of As-Cast Structures

The characteristic solidification structures observed through the thickness of the slabs
is presented in Figure 3.3. The transition from fine zone (chill zone at the top surface)
to the columnar zone in as-cast structures occurs during solidification within a few
millimetres from the surface. The columnar zone then extends towards the centre of
slab. In the centre region, an equi-axed structure forms. These observations of the
dendritic structures are very similar to those reported in the literature for similar steels
[37, 159, 160]. It is clear from Figure 3.3 that the dendritic structures have different
profiles and orientations across the slab thickness. The dendrites at the surface are very
fine and randomly-oriented in almost all directions. The primary as well as secondary
arm spacing are very fine as shown in Figure 3.3 (a). The dendrites that formed at the
quarter thickness of the slab are coarser and the orientations are more aligned. The
dendrites that formed near the centreline of the slab are very coarse and are wellaligned. These findings are in agreement with earlier reports in the literature that the
formation, orientation and length of the dendritic structures are related to early
solidification events [37, 161].

65

(a)

(b)

(c)

Figure 3.3: Dendritic structures of medium carbon steels through the slab thickness (a)
surface, (b) quarter thickness and (c) deep quarter thickness near-centre).
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3.3.1.2

Secondary Dendrite Arm Spacing

The as-cast structure and measurement of secondary dendrite arm spacing are
presented in Figure 3.4. Figure 3.5 shows presents the typical variation of the
experimentally-measured values of the average secondary dendrite arm spacing from
the surface of the steel slab to the lower area of quarter thickness. It is evident that the
secondary dendrite arm spacing increases from surface to near-centre in the examined
medium-carbon steel. The secondary dendrite arm spacing varies from 27 m in the
rear-surface area 160 m at a distance 160 mm below the surface, in agreement with
the findings of PreßLinger et al. [50, 162]. This information is particularly relevant
to the present investigation because several authors have emphasised the important
relationship between secondary dendrite arm spacing and banding in medium-carbon
steel [37, 152, 153] and [20]

Figure 3.4: Example of secondary dendrite arm spacing measurements.
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Figure 3.5: Secondary dendrite arm spacing across the slab thickness.

3.3.1.3

Primary Dendrite Arm Spacing

An example of the cast structure and schematic representation of dendrites showing
measured primary dendrite arm spacing is presented in Figure 3.6. Primary dendrite
arm spacing was determined on samples sliced transversely to the trunks of primary
arms. The accuracy of primary dendrite spacing is higher than that of secondary
dendrite arm spacing since more primary dendrite arms can be observed and more
spacings can be measured. Figure 3.7 presents a typical variation of the experimentally
measured values of the average primary dendrite arm spacing from the surface of the
steel slab to the quarter thickness. The figure shows that the primary dendrite arm
spacing increases from 80 µm in the surface region to 600 µm 60 mm below the
surface. These measurements agree well with values reported in the literature [162,
163] for alloys of similar composition.
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Figure 3.6: Example of primary dendrite arm spacing measurements.

Figure 3.7: Primary dendrite arm spacing across the slab thickness.

Behaviour of Dendritic Structures during Hot-Rolling
Hot deformation was conducted on a laboratory rolling mill as described above.
Samples with an average primary dendrite arm spacing of about 600 m and a
secondary dendrite arm spacing of 160 m were cut from the bottom regain of the
quarter thickness block, in order to investigate the behaviour of this dendritic structure
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during hot-rolling. Samples were heated 1100C, soaked for 30 minutes and then hot
rolled at this temperature in a single pass to different reductions of 25, 50, 75 and
90%. The same rolling test conditions were used during partial hot-rolling (partial
deformations) on other samples as described above. Samples from the hot-rolling
experiments were then sectioned in the rolling direction and examined by
metallographic techniques. More than 30 micrographs from each of the rolling
reductions were stitched together in order to show full images of the changes occurring
in dendrites during the full-rolling experiments. More than 200 micrographs were built
together to cover the whole of the partially-rolled sample.
3.4.1
3.4.1.1

Behaviour during Full-deformation
25% Reduction

Figure 3.8 displays a macro-structural image across the width of a sample that was
deformed 25%. The primary dendrite arms rotated slightly (bended) about transverse
axis, perpendicular to the rolling direction while the secondary dendrite arms together
with the inter-dendritic segregations (dark areas in the figure)elongated slightly
parallel to the rolling direction.

Figure 3.8: A structure image across the width of medium carbon steel sample
deformed up to 25%.
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3.4.1.2

50% Reduction

Figure 3.9 displays a macro-structural image across the width of a sample that was
deformed 50%. The figure shows that the primary dendrite arms rotated further about
transverse axis whereas the secondary dendrite arms and the adjacent inter-dendritic
regions elongated further parallel to the rolling direction than similar regions in the
lower reduction level.

Figure 3.9: A structure image across the width of medium carbon steel sample
deformed up to 50%.

3.4.1.3

75% Reduction

Figure 3.10 displays a macro-structural image across the width of a sample that was
subjected to 75% reduction. The primary dendrite arms rotated extensively about the
axis perpendicular to the rolling direction (transverse axis). In addition, some primary
arms start to align with the rolling direction. The secondary dendrite arms and adjacent
inter-dendritic regions elongate further parallel to the rolling direction and parallel to
each other to form layers, rather than patches of inter-dendritic regions. Some
secondary arms and their adjacent inter-dendritic regions become thinner and elongate
more than others depending on their location with respect to the rotated primary arms.
(For instance, secondary arms located in the middle between two rotated primary
dendrite arms, elongate further due the larger distance between primary arms).
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Figure 3.10: A structure image across the width of medium carbon steel sample
deformed up to 75%.

Figure 3.11 shows the macro-structure across the width of a sample that was reduced
90%. Dendritic structures are absent at macro and micro scale at this level of
reduction. The primary dendrite arms rotated to such a degree that they are now aligned
with rolling direction. The inter-dendritic regions and secondary dendrite arms also
deformed to the extent that they are fully aligned to the rolling direction. This
observation is in agreement with the findings of Pressinger [55] at this level of
deformation.

Figure 3.11: A structure image across the width of medium carbon steel sample
deformed up to 90%.

In summary:

dendritic structures (dendrites and inter-dendritic regions) remain

distinguishable in hot-rolled medium carbon steel up to reductions of about 70%. On
further reduction the dendrites (low-carbon, low alloyed regions) and the inter-
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dendritic regions (high-carbon, high alloyed regions) form alternative layers (microchemical banding) parallel to the rolling direction.
3.4.2

Quantifying the Changes of Primary and Secondary Dendrite Arm Spacings
during Hot-Rolling

The changes in the dendritic structures that occur during hot-rolling are shown in
Figure 3.8 to Figure 3.11. Secondary dendrite arms elongate parallel to the rolling
direction and the secondary dendrite arm spacing can be determined as a function of
the extent of deformation. However, the primary dendrite arms rotate during hotrolling and hence, it is not possible determine quantitatively the (deformed) primary
dendrite arm spacing.
3.4.2.1

Secondary Dendrite Arm Spacing

Table 3.3 and Figure 3.12 display the quantitative changes occur to the secondary
dendrite arm spacing during single pass hot-rolling. The secondary dendrite arm
spacing decreases with deformation. A slight decrease in secondary dendrite arm
spacing at small reductions is followed by a rapid decrease in secondary dendrite arm
spacing after about 50% reduction.
Table 3.3: Secondary Dendrite arm spacing after hot-rolling of the samples.

Deformation
Degree

25%

50%

75%

90%

Deformed 2(µm)

138.6 ±22.6

125.3 ±19.5

74.94 ±12.48

40.21 ±6.29
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Figure 3.12: Secondary dendrite arm spacing after hot-rolling of the samples.

3.4.3

Partially-Rolled Specimen

In an attempt to better understand the rotation of dendrite arms during hot-rolling, a
specimen was only partially rolled and examined metallographically as described
above. A section through such a specimen is shown in Figure 3.13. It follows from the
figure that the response of the dendritic structures to hot-deformation is at macro-scale,
mainly related to the material flow during hot-rolling and the concomitant strain
distribution. The primary dendrite arms reveal clear progressive rotation about the
transverse axis from the head-end (fully-deformed) to the tail-end (non-deformed) of
the sample while the secondary dendrite arms and the associated inter-dendritic
regions elongate at increasing rates as a function of the extent of deformation. At the
tail-end of the partially-rolled sample, from no reduction to about 30% reduction, little
changes occur on the dendritic structures except for a slight rotation of the primary
dendrite arms and a slight elongation of the secondary dendrites and associated soluterich regions. In the mid-way region, from a reduction of about 30% to 66%, significant
rotation of primary arms occurs – to an extent of more than 45 degrees about the
transverse axis. At the same time, secondary dendrite arms and their adjacent and
associated inter-dendritic regions, located between the rotating primary arms, elongate
parallel to the rolling direction (roll circumferences). At the head-end of the sample
where the reduction is more than 80%, the dendritic structures are not discernible any
longer and are replaced by alternating layers of regions (dark) that are solute rich and
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regions (white) of low solute content, aligned parallel to the rolling direction. These
regions are evidently related to the micro-chemical bands that are observed at microscale.

Figure 3.13: A section of a sample partially rolled.

It is interesting to compare the macro-structure with microscopical observations.
Figure 3.14 (a) to (d) shows single micrographs taken from different areas of the
partially-rolled sample. Figure 3.14 (a) shows the micro structure taken form nondeformed area, while Figure 3.14 (b) shows an area that was deformed 35%.
Figure 3.14 (c) and (d) were taken from areas deformed about 80% (bottom region)
and 85% respectively. The dendritic and inter-dendritic regions are clearly discernible
in Figure 3.14 (a). It is more difficult to identify dendrites at higher reductions, but the
distance between the inter-dendritic regions, aligned parallel to the rolling direction
can be determined. The spacing of these regions are related to the secondary dendrite
arm spacing and also to the formation of micro-chemical bands. Offerman [20] argued
that the distance between micro-structural bands (wavelength of the band) in hot rolled
medium-carbon steel is related to the primary dendrite arms spacing while Verhoeven
[19] and Thompson and Howell [9] proposed that the distance between bands could
either be the distance between two elongated secondary dendrite arms or the distance
between a rotated primary dendrite arm and an elongated secondary dendrite arm.
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Figure 3.14: Micro-scale graphs of micro-chemical bands from different areas of
partially-rolled sample (a) A4, (b) A3, (c) A2 and (d) A1 (white and black areas are
dendritic and inter-dendritic regions respectively).

In this study, it is assumed that the distance between the parallel layers of elongated
inter-dendritic regions is related to the secondary dendrite arm spacing and these
values are shown in Figure 3.15 as a function of the extent of deformation. These
values are in good with the deformed secondary dendrite arm spacing measured for
the fully deformed specimen shown previously in Figure 3.12.
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Figure 3.15: Changes in secondary dendrite arm spacing during hot-rolling of the
samples.

Electron Probe Micro-Analyses
3.5.1

Qualitative Assessment

Selected areas indicated by A1 to A4 in Figure 3.13 were examined by EPMA analysis
as representative of non-deformed to fully-deformed regions in the partially-rolled
medium-carbon steel sample.
3.5.1.1

Non-deformed Area, A1

Figure 3.16 (a) and (b) show an etched sample of a non-deformed (as-cast) area (A1)
with its corresponding qualitative manganese segregation map obtained by
EPMA. Both images revealed the typical shapes of dendritic structures consisting of
primary and secondary arms with regions rich in solute in between (inter-dendritic
regions). There is a higher concentration of manganese in the inter-dendritic regions
between the dendrite arms while the dendrite arms themselves are manganese depleted.
This is in good agreement with the outcome of earlier investigations [164] and [165].
It is also in good agreement with the EPMA and subsequent three dimensional
reconstruction mapping of an as-cast steel Domitner et al. [166].
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(a)

(b)

Figure 3.16: EPMA analyses of the non-deformed region (as-cast). (a) an etched
sample (b) a manganese map.

3.5.1.2

Fully-deformed Area, A4

Figure 3.17 (a) and (b) show an etched sample of the fully-deformed region (A4) with
its corresponding qualitative of manganese segregation obtained by
EPMA respectively. The bands observed in the optical micrograph are clearly due to
the distribution in the dendritic and inter-dendritic regions respectively of alloying
element manganese as shown in Figure 3.17 (b). The wavelengths (widths) of these
bands are generally 62±6 µm, which is in good agreement with the wavelengths
reported by Offerman [20] and, Thompson and Howell [9]. Larger band widths
(wavelengths) up to 87±8 µm (indicated by arrows in both images) originated from the
presence of rotated (bent) primary dendrite arms.
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(a)

(b)
Figure 3.17: Fully-deformed area of dendritic structures (a) etched sample (b) EPMA
manganese map.

Apart from the non-deformed and fully-deformed areas, two partially-deformed areas
(A2 and A3) were selected for further investigation form the bottom and top of the
sample respectively because the friction between bottom side of the rolled sample and
lower-roll is higher than the friction between top surface and upper-roll [167, 168].
Areas A2 and A3 were subject to between 80 and 85% reduction. A2 was in contact
with the lower-roll where friction is higher and A3 was in contact with the upper-roll
where friction is lower. In addition, Area (A5), which had undergone 50%, reduction
was also studied. The behaviour of dendritic structures in these areas are described
below.
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3.5.1.3

Partially Deformed Area, A5

Figure 3.18 (a) shows an etched sample of a mid-way partially-deformed area (A5).
The corresponding qualitative manganese segregation is shown in Figure 3.18 (b). In
this 50% deformed region, there is evidence of distinct primary dendrite arms rotation
during hot-rolling, following materials flow while secondary dendrite arms and soluterich regions elongate parallel to the rolling direction (roll circumference).

(a)

(b)
Figure 3.18: Partially-deformed area (50% deformation) of the dendritic structures
from sample A5 (b) EPMA manganese map.

3.5.2

Quantitative Assessment

Selected region from non-deformed to fully-deformed areas of the partially-rolled
sample were selected for more detailed EPMA analysis and the compositional changes
across dendrite arms and inter-dendritic regions were determined quantitatively.
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3.5.2.1

Non-deformed Area

The dendritic segregation in the non-deformed regions of specimen A1 is shown in
Figure 3.19. The medium-carbon steel under consideration (Table 3.1) contains 1.2
wt.% Mn while the local manganese varied from about 1.08 to 1.5 wt.%. These
findings agree well with the analyses reported by Brooks [6] and Samuels [8].

Figure 3.19: Mn concentration across the dendritic and inter-dendritic regions of the
non-deformed area A4.

3.5.2.2

Fully-Deformed Area

The magnitude of the dendritic segregation in the fully-deformed (A4) sample was
quantitatively measured and shown in Figure 3.20. The local manganese concentration
varies from about 1.05 to 1.5 wt.%. This agrees well with the Mn content in the nondeformed area (A4). It also follows that there is a reduction in the primary dendrite
arm spacing due to deformation after their rotation. The small peaks in the fully-rolled
area result in all probability from elongated secondary dendrite arms and their adjacent
inter-dendritic regions. It is evident that deformation does not have much of an
influence on the concentration of alloying elements within the bands and solute
elements are not redistributed as a result of the mechanical deformation.
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Figure 3.20: Mn concentration across dendritic and inter-dendritic regions of fullydeformed samples area.

3.5.2.3

Dendritic vs. Inter-dendritic Regions

The as-cast structure of the medium-carbon steel investigated exhibits a dendritic
structure and the variation in manganese concentration between the dendrites and the
inter-dendritic regions originates form the rejection of manganese during the early
stages of solidification. The magnitude of this segregation across the dendritic and
inter-dendritic regions, indicated by line 1 and line 2 respectively in Figure 3.21, of
the non-deformed area was determined quantitatively and is shown in Figure 3.22. It
follows that the inter-dendritic regions are enriched in manganese, the manganese
concentration being 0.3 to 0.45 wt.% higher in the centre of the inter-dendritic regions
whereas there is only a slight variation, between 1.1 and 1.2 wt.%, in manganese
concentration across the primary dendrite arm itself This observation agrees well with
the findings of Brooks and Samuels [6, 8].
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Figure 3.21: EPMA manganese concentration map of a sample taken from an as-cast
section of a slab.

Figure 3.22: Manganese concentration measured by EPMA line-scan analyses across
dendritic and inter-dendritic regions of an as-cast sample.

Effect of Re-heating on Micro-segregation
The sections of the as-cast slab selected for the present investigation have been
reheated before rolling and it is therefore necessary to establish if any micro-structural
changes had occurred during re-heating of the specimen before it was deformed by
rolling. In an attempt to homogenize the chemical composition of slabs in industrial
practice, they are usually reheated for several hours at temperatures between 1100 and
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1350C. However, homogenization of large slab is never achieved because of the low
diffusion coefficients of most alloying elements in the austenite region and hence, full
homogenization requires several days or even weeks [6, 169, 170], a procedure that is
completely impractical in the present study, as-cast steel samples were reheated to and
soaked in the austenite phase field for half an hour at 1100 C. The effect of this
reheating practice on the concentration of alloying elements prior hot-rolling were
investigated by conducting selected EPMA analysis. Manganese concentrations were
measured using EPMA line-scan and DICTRA simulation were conducted across the
inter-dendritic regions of an as-cast sample prior and after the reheating process.
3.6.1
3.6.1.1

Manganese Distribution
EPMA measurement

Figure 3.23 and Figure 3.24 show manganese concentrations measured by conducting
EPMA line-scans across inter-dendritic regions of an as-cast sample prior and after
reheating respectively. The differences between the maximum and minimum values of
manganese concentration in the as-cast specimens compared to those in reheated
specimens were less than ±0.022 wt. % as shown in Figure 3.23 and 3.24. Hence,
there is no significant change in manganese concentration during reheating. Similar
conclusions were drawn in the literature [6, 20].

Figure 3.23: Manganese concentration measured by EPMA line-scan across interdendritic regions of an as-cast sample prior to reheating.
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Figure 3.24: Manganese concentration measured by EPMA line-scan across interdendritic regions of an as-cast sample after reheating.

3.6.1.2

DICTRA-Simulations

The variations in manganese concentration across inter-dendritic regions of an as-cast
sample prior to and following reheating was simulated by the use of DICTRA
simulation software. The outcomes of these simulations are shown in Figure 3.25.
Notwithstanding the fact that in the simulation the steel it was heated at 1100C for
two hours and 45 minutes, there were no signs of significant manganese segregation
since the maximum and minimum values of manganese concentration were different
by less than 0.1 wt.%. Moreover, there is good agreement between the experimental
measurements and the DICTRA calculations. Both the experimental measurements
and the DICTRA-simulations are in good agreement with earlier findings reported in
A comparison between the experimentally determined and calculated manganese
concentrations are shown in Figure 3.25.
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Figure 3.25: A comparison of the variation in manganese concentration simulated by
DICTRA across dendritic regions of an as-cast sample before and after
reheating.

Such behaviour of dendritic structures are rarely discussed in the literature. However,
Flemings [171] and Spencer et al. [172] reported dendrite rotation (bending) and
distortion during deformation of semisolid dendrites of Sn-15 wt.% Pb alloy. The
effect of material flow and strain distribution during hot-rolling plays key role to
control the rotation (bending) of primary dendrite arms as well as elongation of
secondary dendrite arms and inter-dendritic segregation regions. Pawelski and
Gopinathan [173] reported similar bending on screws fixed in different positions in
steel specimen and rolled at 950°C to 28.6% deformation. After rolling it was observed
that the screws from the longitudinal axis of the specimen bent to the rolling direction.
As the flow behaviour of steel in hot-rolling is related strain, Pawelski and Gopinathan
observed that there is variation in strain across the rolled specimens. The maximum
strain was observed at the centre of the specimen which was almost double the nominal
strain. Sakai et al. [174] reported similar bending of embedded pin in 2.5-mm thick
steel specimen and subjected to hot-rolling at 650, 700, 750, 800 and 850C to 40%.
It was observed that the variation of the effective strain through the thickness and
maximum effective strain occurs at the centre of all rolled specimens. Martin et al.
[47] referred deformation of segregated alloys and dendritic structures its effect on
homogenisation to the crystallographic of high and low segregated regions from one
side and average concentration regions from other sides. However, this assumption
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neglected the effect of material flow during hot-rolling. Verhoeven [19] also referred
micro-chemical banding alignment to the rotation of plane during hot-rolling. Bramfitt
[175] also studied the effect of hot deformation on the as-cast dendritic structures via
observation of dendritic texture in directionally solidified ingots of three commercial
steels, AISI 1010, Fe-3.4% Si, and Type 430 stainless steel were hot-rolled at 1010°C.
Bramfitt [175] reported that the strong dendritic (100) orientation of both the Fe−Si
and Type 430 alloys was completely destroyed by the heavy reductions typical of the
commercial hot-rolling of ingots. The AISI 1010 steel, which had very little of the
dendritic <100> orientation in the ingot stage, had a combination of two weak textures
after hot-rolling: (100) [011] and (110) [110]. Similarly, with the other two steels,
which had a strong dendritic <100> orientation in the ingot stage, hot-rolling resulted
in weak textures: (110) [001] with a rotation of this orientation of ±45 degrees about
the [001] rolling direction, followed by (110) [001] rotated ±35 degrees about the [110]
in the transverse direction.
Conclusions


Primary dendrite arms rotate progressively around the transverse axis during hotrolling.



Secondary dendrite arms, with their adjacent areas of inter-dendritic segregation
elongate progressively parallel to the rolling direction.



When the reduction exceeds 80% the primary as well as the secondary arms, with
the associated inter-dendritic regions, align parallel to the rolling direction, thereby
forming layers of low and high concentration of allying elements respectively.



The secondary dendrite arm spacing changes from about 160 µm in the as-cast
(undeformed) condition to about 40 µm at 90% reduction.



Reheating the as-cast slab prior hot-rolling for relatively short times does not cause
a redistribution of manganese.
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Variations of Mechanical Properties of
Dendritic and Inter-dendritic Regions in
Medium-Carbon Steel
Introduction
This chapter deals with the mechanical properties of dendritic and inter-dendritic
regions in as-cast medium carbon steel. The mechanical properties of these different
regions in the slab are essential input parameters for the finite element models,
described in Chapter 5, that were used in this study to simulate the microstructural
changes during hot-rolling that lead to the formation of micro-structural bands. An
attempt was made to determine the mechanical properties of the dendritic and interdendritic regions respectively of the as-cast medium-carbon steel under investigation
by the use of two different approaches.
In the first approach, a nano-indentation technique was used to assess the mechanical
properties of the dendritic and inter-dendritic regions respectively because it is not
possible to section specimens large enough for bulk mechanical testing,.
In the second approach, it was assumed that different areas in the industrially-produced
slab might be taken as representative of dendrites and inter-dendritic regions
respectively. For these assessments, samples were taken from two different regions of
the slab. A block sample was cut from one half of a medium-carbon slab that was
produced on an industrial production line. One set of samples were cut from an area
close to the top of the slab. These samples were to dendrite structures. A second set of
samples were taken from the area close to the centreline to represent inter-dendritic
segregated regions. In all cases samples were machined into hot-tensile specimens for
assessing the high-temperature mechanical of the two different regions. Testing
temperatures were selected to simulate industrial finishing rolling conditions.
Following the hot-tensile tests, the fracture surfaces were studied using a defocusedbeam line-scan in an EPMA in order to measure the chemical composition variations
in specimens sectioned from the near-surface area, the quarter thickness and at the
centreline.
Specimens from the two regions were also prepared for sectioning by focused ionbeam milling in order to measure the chemical compositional variations across
dendritic and inter-dendritic regions in the as-cast medium carbon steel under
investigation.
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Experimental Work
4.2.1

Test material and specimen

Specimens were selected from an as-cast medium-carbon steel of composition shown
in Table 3.1.
Samples taken from the quarter-thickness region was cut into 10×10×10 mm sections
for nano-indentation tests. The face perpendicular to the casting direction was prepared
in the same way as specimens for metallurgical examination. In order to reveal the
dendritic structure and segregation of micro-alloyed elements, specimens were etched
in picric acid.

It often required several polishing and etching cycles to achieve

optimum results. The etching reagent consists of 80 ml of saturated aqueous picric
acid, in addition to a few drops of HCl and teepol respectively. Specimens were
immersed into this solution at 68°C, when the surface was covered by black smut. On
removal of the smut, the process was repeated between 5 to 10 times until the dendritic
structure was clearly revealed.
Specimens for hot-tensile tests were of cylindrical shape, 6-mm diameter and 100-mm
in length. The specimens were machined with the transverse axis perpendicular to the
dendritic growth direction, as shown in Figure 4.1. Specimens were selected from the
top and bottom regions (region 1 and region 2 respectively) of the columnar dendritic
zone of the slab to represent dendrites. Specimens sectioned from the centreline were
to represent inter-dendritic regions. Sectioning of the specimens is schematically
shown in Figure 4.1.

Figure 4.1: Sample location in the slab.
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4.2.2

Nano-Indentation procedure

The mechanical properties of both segregated (inter-dendritic) and non-segregated
(dendritic) regions were determined at room temperature by using a UMIS-2000 nanoindenter, which continuously measures force and displacement as an indentation is
made. The indenter in this particular instrument is a Berkovich diamond three-sided
pyramid (Ei=1140 GPa, vi= 0.07) with a nominal angle of 65.3 and an area-to-depth
function which is the same as that of a Vickers indenter. As-cast specimens were
etched in picric acid to reveal the dendritic structure prior to performing nanoindentation, optical microscopy and AFM. A matrix of 120 indentations was made on
etched samples with a maximum load of 30 mN, the indentations being separated by
10 μm and an average value for each region was determined.
From the data obtained during unloading of the indentation, elastic displacements can
be determined and from these measurements the elastic modulus, E, can be calculated.
Furthermore, by removing the elastic contribution from the total displacement, the
hardness, H, can be calculated [176]. A schematic diagram of a typical loading
unloading curve is shown in Figure 4.2.

Figure 4.2: Schematic representation of a loading-unloading curve for a nanoindentation measurement [176].

Because this technique has been use to estimate the mechanical properties of the steel
under consideration from, essentially, a hardness test, it is pertinent to refer to
important considerations in the use of this test. The displacement plotted in this figure
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represents the total displacement of the indenter relative to the initial position. This
value has both elastic and plastic components of displacement. An important
observation concerns the shape of the hardness impression after the indenter is
unloaded and the material has elastically recovered [69]. In metals the impression
formed by a conical indenter is still conical, but with a larger included tip angle.
Doerner and Nix [177] observed that during the initial stages of unloading, the area of
contact remains constant as the indenter is unloaded. The unloading stiffness is then
related to the elastic modulus and the projected area of the contact, A, through the
following relationship:
𝑑𝑃 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔
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where Er is the reduced elastic modulus as defined in the following equation:
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where E and ν are the Young’s modulus and Poisson’s ratio for the specimen and Ei
and νi are the parameters for the nano-indenter material (Ei=1140 GPa, vi= 0.07). To
determine the contact area at peak load, Oliver and Pharr [69] proposed a new method
of analysis, since the behaviour of materials when indented by a Berkovich indenter
cannot be described using the flat punch approximation [177]. Sneddon [178] has
derived analytical solutions for punches of several geometries, including conical
indenters. The cross-sectional area of a conical indenter varies as the square of the
depth of contact and its geometry is singular at the tip. Oliver et al. [69] argued that a
conical indenter provides a better description of the elastic unloading than a Berkovich
indenter. The area of contact at peak load is determined by the geometry of the indenter
and the depth of contact, hc. The indenter geometry can be described by an area
function F(h) which relates the cross-sectional area of the indenter to the distance from
its tip, h. Given that the indenter itself does not deform significantly, the projected
contact area at peak load can be calculated from the relation:

𝐴 = 𝐹(ℎ𝑐 )

4.47
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In addition to the elastic modulus, the hardness, H, defined as the applied load divided
by the projected area of contact between the indenter and the sample can now be
calculated:

𝐻=

𝑃𝑚𝑎𝑥

4.48

𝐴

The hardness is often used for estimating other mechanical properties of metals [179182].
There have been attempts to obtain a general expression relating to the 0.2% offset
yield strength of metals to hardness [183, 184]. A good correlation between the 0.2%
offset yield strength and hardness for different steels in the quenched and tempered
condition has been established but the reasons for the correlation were neither
investigated, nor was the treatment extended to other metals. It has also been shown
that the yield stress of a material could be given by the following relation:

𝜎𝑦 =

𝐻

4.49

3

which has been verified experimentally to some degree subject to an assumption of the
strain hardening coefficient, n, being equal to zero [179]. However, some studies have
taken into consideration the influence of strain hardening in other materials[185, 186].
Cahoon et at [179] developed a general expression to correlate the 0.2% offset yield
strength with hardness for various materials that would include the strain hardening
coefficient since it seems reasonable that this coefficient would affect the yield
strength versus hardness correlation. This proposed expression showed that the 0.2%
offset yield strength of a material can be calculated by the expression
𝐻

𝜎𝑦 = ( ) (0.1)(𝑚−2)
3

4.50

where H is the Diamond pyramid hardness and m is Meyer's hardness coefficient.
4.2.3

Hot Tensile Test equipment and procedure

One of the most commonly used techniques to assess the mechanical properties of
steels are tensile tests in transient mode or under steady state. Although a transient test
is considered more realistic in simulating high temperature steel behaviour, steady
state tests are more commonly used because they are easier to perform and provide the
stress–strain curves directly [77, 80, 84].
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Although hot-rolling is a compression process, mechanical properties at high
temperature such as the elastic modulus, yield strength and ductility are obtained from
hot-tensile tests since they are approximately equal to those in compression for ductile
materials such as steel at high temperature. Hot tensile testing usually provides
sufficient data to determine the mechanical properties of steel at high temperature.
[100-103, 187-192].
Hot-tensile tests were conducted using a Gleeble 3500, which is a fully integrated
digital closed loop control thermal and mechanical testing system, as shown in
Figure 4.3 and

Figure 4.4. The Gleeble 3500 has a digital control system, which

provides all the signals necessary to control thermal and mechanical test variables
simultaneously through the digital closed-loop thermal and mechanical servo systems.
The Gleeble 3500 mechanical system is an integrated hydraulic servo system capable
of exerting as much as 20 tons of static force in compression or 10 tons in tension. In
the tensile rig of the Gleeble, tension is applied by using two loading rods as shown in
Figure 4.4.
During testing, the force, F, measured by a load cell and the displacement of the stroke
were recorded and converted to engineering stress (E) as

𝜎𝐸 =

𝐹

4.51

𝐴0

where is A0 is initial area of the specimen.
and engineering strain (E) as

𝜀𝐸 =

𝑙−𝑙0
𝑙0

=

∆𝑙

4.52

𝑙0

Engineering stress and strain are then converted to true stress (T) and true strain (T)
by the following equations:

𝑇 = 𝑙𝑛 (1 + 𝐸 )

4.53

𝑇 = 𝐸 (1 + 𝐸 )

4.54

It is important to note that these equations were only used to convert engineering stress
and strain to true stress and strain up to the point of necking, the limit of their respective
validity.
All the hot tensile tests were conducted at isothermal temperatures and the air
temperature inside the rig of the Gleeble 3500 was measured with two thermocouples
welded at the centre of specimen.
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Strain-control was used in the tensile tests, which were conducted at a strain rate of
0.05/s. The experimental process was controlled by some predefined programming
options using QuikSim Software. All the data obtained from the tests (i.e., force,
stroke, strain, temperature and time) were recorded by a computer and could be
monitored during testing.
Test temperatures of 800, 900, 1000 and 1100 ºC were selected to simulate finishing
rolling temperatures in industry. The tensile load was applied when the test
temperature was reached on heating and it continued until failure. However, stressstrain data up to necking obtained from the hot tensile testing provides sufficient data
to determine the required mechanical properties at high temperature. The measured
true stress-strain data before necking were then fitted using polynomial curves of
TableCurve® 2D Software.

Figure 4.3: Gleeble 3500 machine.

Figure 4.4: Tensile test set-up in Gleeble Machine
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4.2.4

Electron Microprobe Analysis

Quantitative analyses using EPMA were carried out on the dendritic and interdendritic regions of as-cast sample collected from the near centreline region where
dendritic structures formed almost in a uniform shape and in a direction perpendicular
to the macroscopic surface. The same analyses were also carried out on the tips of
fractured tensile specimens from the near surface region (region 1) and near centreline
region (region 2). This was performed using the JEOL JXA-8500F Field-Emission
SEM-EPMA HYPERPROBE (WDS & SDD-EDS) at UNSW.
In order to perform EPMA tests on tensile specimens, the tips of these specimens were
cut, ground, and polished using metallographic techniques. Line-scan tests were
performed along the tip of these specimens after fracture, as illustrated in Figure 4.5.
Line-scans were conducted using a defocused electron beam, 100µm in diameter at
five spots from the centre to the edge of a specimen. Other line-scans were performed
across primary dendrite arms as well as inter-dendritic regions. The weight percent of
analysed elements is determined using the instrument’s software ZAF correction
factors [193]. Standard samples with 1% and 2% manganese (balance Fe) were used
for calibration. The conditions and basic settings for the EPMA analysis are listed in
Table 4.1.
Table 4.1: Conditions and Basic Settings for the Microprobe

Quantitative point analysis
(Linescan) conditions

Measurements
Analyzed element

Manganese (Mn)

Analyzing crystal material

Lithium fluoride

Acceleration voltage

20 kV

Electron beam current

40 nA

Pre-set value for the probe diameter: 100µm (defocused)
Dwell time per measurement point:

20 ms

Number of measured points:

5 points per sample
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Figure 4.5: Schematic of hot-tensile tested sample from region 1 and 2 prepared for
EPMA.
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Results and Discussions
4.3.1

Nano-Indentation results

Typical loading-unloading indentation curves for the dendritic structures of as-cast
medium-carbon steel sample are shown in Figure 4.6. Indentation curves with deviant
shapes were excluded from the interpretation. These deviant shaped curves were either
a result of indentations with underlying particles that were present in segregated
region, indentations on particle whereby the indenter slid off, or they were due to
surface roughness of the sample. Average indentation curves for the segregated regions
are shown as thick dark lines while thick dotted lines indicate the non-segregated
regions (dendrites).

Figure 4.6: Examples of Indentation loading-unloading curves for segregated and nonsegregated regions of as-cast medium carbon steel.

Using dark-field optical microscopy, most indentations in the matrix material could be
tracked, whereas indentations in segregated regions were difficult to track. After
locating the position of the indentations in the matrix material under dark field optical
microscopy, it was possible to switch to bright field and take photographs for further
interpretation. The microstructures of the dendritic and inter-dendritic areas where the
indentations were made are shown in Figure 4.7.
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Figure 4.7: Nano-indentations image (the indentations were separated by 10 μm).

Average elastic moduli and hardness values at room temperature for the segregated
and non-segregated regions respectively of the as-cast medium-carbon steel are given
in Table 4.2.
The elastic moduli were determined from a linear fit to the initial points of unloading
of the indentation curves and the hardness values were determined from the maximum
force and depth of the penetrations. These procedures are outlined in the instruction
manual of the instrument used. The data in Table 4.2 exhibits a relatively small scatter
for indentations in the matrix (non-segregated regions), but the data for the segregated
display much wider scatter. The elastic modulus of the segregated regions is higher
than that of the non-segregated regions and both elastic moduli were within the range
reported in the literature for the steel type under discussion, i.e. 190-210 GPa [194196]. Elastic modulus is not as important as other mechanical properties in the analysis
of bulk plasticity. However, it is an important in parameter in the use of Finite Element
Modelling techniques [67, 197, 198].
The matrix and segregated regions clearly have different hardness values. The
segregated regions are on average 0.4 GPa harder than the matrix (dendrites). Similar
observations have been reported in the literature for welds in steel [67, 199, 200].
Table 4.2: Average elastic moduli and hardness values in the segregated and nonsegregated regions of slabs.
Region
Segregated region
Non-segregated
region

Elastic modulus

Hardness

Yield Strength

E (GPa)
208 ± 39

H (GPa)
2.54 ± 0.22

y (MPa)
846.6± 73.3

199 ± 27

2.1 ± 0.19

700.3 ± 63.4
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4.3.2

Hot-Tensile Test

Fitted stress–strain curves obtained from the raw data of the Gleeble tests are shown
in Figure 4.8 and Figure 4.9 for samples from region 1 (low segregation region near
slab surface representing dendritic structures), and region 2 (highly segregated area
from the quarter thickness region, representing inter-dendritic structures) at testing
temperatures 800, 900, 1000 and 1100°C.

Figure 4.8: Stress–strain curves of region 1 (representing low-segregated region) at
temperatures of 800, 900, 1000 and 1100 °C.

Figure 4.9: Stress–strain curves of region 6 (representing highly segregated region) at
temperatures of 800, 900, 1000 and 1100 °C.
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4.3.3

Mechanical Properties of Segregated and Non-segregated Regions

Figure 4.11, Figure 4.12 and Figure 4.13 show elastic moduli, yield strength and
ductility for regions 1 and 2 (see Figure 4.1) at testing temperatures 800, 900, 1000
and 1100°C respectively.
4.3.3.1

Elastic modulus

The elastic modulus of steel is generally obtained from the initial slope of the stress–
strain curve at room temperature as illustrated in Figure 4.10. The elastic modulus is
measured as the slope of line AB drawn in the figure.
The elastic modulus is essentially a measurement of the stiffness of a material. Thus it
is commonly used in design and engineering applications. The elastic modulus is not
very sensitive to the microstructure when subjected to deformation under severe
conditions [67], such as hot-rolling. However, finite element modelling has been
developed, as discussed in the next chapter, to predict dendrite changes when small
incremental changes in mechanical properties are used. Thus, it is important to take
the elastic moduli into consideration [197, 198, 201].

Figure 4.10: Determination of the elastic modulus and yield strength using the
offset method from stress-strain curve.

The elastic moduli determined from the hot-tensile tests of the segregated and nonsegregated regions determined at high temperature are shown in Table 4.3 and
Figure 4.11. There is a significant drop in elastic modulus at 800 ºC of about 25%
compared to room temperature for both regions. When the test temperature is increased
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to 900 ºC, the non-segregated samples lost approximately 6% more of the value of the
elastic modulus, while the segregated samples lost less than 5%. The elastic modulus
decreases by 9-10% for both regions at 1000 ºC and to 13% and 15% for nonsegregated and segregated regions, respectively at 1100 ºC.
Table 4.3: Elastic Moduli in Segregated and non-segregated regions of the slab.
Temperature (C)
800

Non-Segregated Regions
E-modulus (GPa)
156.56 ± 2.07

Segregated Regions
E-modulus (GPa)
160.70 ± 1.60

900

147.27 ± 1.59

152.90 ± 1.82

1000

132.45 ± 2.31

138.33 ± 1.96

1100

112.53 ± 3.02

120.33 ± 2.59

Figure 4.11: Elastic modulus of segregated and non-segregated regions as a function of
testing temperature.

4.3.3.2

Yield strength

The yield strengths (0.2 % proof stress) of the segregated and non-segregated regions
are shown in Table 4.4 and Figure 4.12. It is evident that the yield strengths of the
segregated and non-segregated regions vary by more than 8% at 800ºC. Above 800ºC,
the difference in these yield strengths decreases and at 1100ºC the difference is less
than 2 MPa.
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Table 4.4: Yield Strength (0.2 % off-set) in segregated and non-segregated regions of
the slab.
Temperature (C)

Non-Segregated Regions
Yield Strength (MPa)

Segregated Regions
Yield Strength (MPa)

800

90.33 ± 4.53

98.44 ± 3.06

900

58.33 ± 2.42

66.24 ± 2.39

1000

38.90 ± 0.82

41.84 ± 2.04

1100

29.00 ± 0.58

30.91 ± 0.56

Figure 4.12: Yield strength (0.2% off-set) of segregated and non-segregated regions as
a function of testing high temperature.

4.3.3.3

Ductility

Ductility is expressed by the reduction in area from the following equation:
𝑅. 𝐴 (%) = (𝐴0 – 𝐴𝑚𝑖𝑛 ) / 𝐴0 × 100

4.55

The reduction in area of the segregated and non-segregated regions is shown in
Figure 4.13. Compared to the segregated regions, non-segregated regions have higher
ductility at high temperature. The figure shows that there is variation in ductility
between the segregated and non-segregated regions at high temperature and this
variation in ductility increases as the temperature increases. This observation indicates
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that the difference between the ductility of the segregated and non-segregated regions
in the slab could lead to different behaviour of these regions during hot rolling.

Figure 4.13: Ductility of segregated and non-segregated regions as a function of
testing high temperature.

4.3.4

Prediction of Mechanical Properties

Experimental results from this study showed that the mechanical properties of
simulated segregated and non-segregated regions in a medium-carbon continuously
cast slab were different. Using this experimental data, empirical equations were
developed for each region in the slab in order to predict the pertaining mechanical
properties at rolling temperatures for use the FE modelling study. Figure 4.14 and
Figure 4.15 show the correlations between these empirical equations and the
experimental results.
4.3.4.1

Elastic Modulus

The predictive equation to express the elastic modulus as a function of temperature
was developed by using the elastic modulus at room temperature for each region,
which in this study was measured by using the nano-indentation test.
𝐸𝑇 = −4.9×10−11 𝑇 4 + 3.9×10−8 𝑇 3 − 3.22×10−5 𝑇 2 − 0.0265𝑇 + 𝐸𝑟
where 800 < 𝑇 < 1100℃
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4.56

ET is the elastic modulus at high temperature, Er is the respective elastic modulus at
room temperature for the regions under consideration and T is temperature (C). The
predictions of elastic modulus using equation 12 for dendritic and inter-dendritic
regions are compared to the experimental measurements in Figure 4.14. The predicted
elastic modulus agrees well with the experimental measurements for both dendritic
and inter-dendritic regions expect at 800C for segregated regions.

Figure 4.14: Comparison of predicted elastic modulus equation with experimental
results.

4.3.4.2

Yield Strength

The predictive equation used to correlate the experimentally determined yield
strengths with calculations as a function of temperature:
𝜎𝑌 𝑇 = 5×10−3 𝑇 2 + 1.2375𝑇 − 𝜎𝑌
where 800 < 𝑇 < 1100℃

4.57

where 𝜎𝑌 𝑇 is yield strength at temperature, 𝜎𝑌 is yield strength at room temperature of
the respective region and T is temperature (C). The predictions of yield strengths by
using equation 13 are compared with the experimentally obtained values of this study
in Figure 4.15, showing good agreement except at 1000C and 1100C for the
segregated regions.
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Figure 4.15: Comparison of predicted yield strength equation with experimental
results.

4.3.5

Electron Microprobe Analysis

EPMA element mapping was performed to identify the dendritic and inter-dendritic
regions as well as to quantify the concentration of alloying elements (mainly
manganese) in these regions. The EPMA maps were collected from a 1500 x 1500 μm
section of an as-cast sample taken from the quarter thickness of the slab (near the
centreline) where dendritic arms have been fully developed and are well-oriented.
Details of the way in which EPMA maps were obtained and how quantitative analyses
were conducted have been explained in the previous chapter. An example of a Mn
concentration map and line scans by EPMA analysis are shown in Figure 4.16. After
revealing the dendritic structure, EPMA parallel line-scans were performed across the
dendrite primary arm (core) and inter-dendritic regions, as indicated by Lines 1 (across
dendrite primary arm) and Line 2 (across inter-dendritic region) in Figure 4.16. By
these means manganese element concentrations in both regions were determined
quantitatively and the results are shown in Figure 4.17.
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Figure 4.16: Examples of an EPMA manganese concentration line-scan of a sample
taken from the quarter thickness of a slab.

Figure 4.17 clearly shows that the inter-dendritic regions are enriched in manganese,
the manganese concentration being 0.3- 0.45 wt. % higher in the centre of interdendritic regions whereas there is only slight variations of between 1.1 and 1.2 wt.%
in the manganese concentration across the primary dendrite arm itself. . This
observation is very common in medium-carbon steel and similar to what have been
reported by Brooks and Samuels [6, 8].

Figure 4.17: Manganese concentration measured by EPMA line-scan across dendritic
and inter-dendritic regions of an as-cast sample.
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Figure 4.18 shows the manganese concentration using EPMA line-scan with defocused
beam performed at five areas across the tip of tensile specimens taken from an area
close to the surface of the slab (region 1), which is representative of dendrite arms (low
in manganese), and specimens form the quarter thickness (region 2), which is
representative of the inter-dendritic regions. Figure 4.18 shows that there is a distinct
difference in manganese concentration between these two regions. The manganese
concentration is almost uniform across the specimens except for one location on the
specimen taken form near surface region. Moreover, there is generally good agreement
between the manganese concentrations of the dendritic structures (shown in
Figure 3.22) and the manganese concentrations across the representative tips of tensile
specimen.
The tip of the tested specimen was selected because it is at this location that necking
deformation and fracture occur and it also has relatively small cross-sectional area,
which has a more homogeneous chemical composition compared to the other areas
across the specimen since the heat generated during deformation, could possibly
reduce the local peaks in alloying element concentrations.

Figure 4.18: Manganese concentration measured by EPMA defocused beam line-scan
across tip of tensile tested sample from top and bottom region of as-cast slab
sample.
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Following Preßlinger [50], the EPMA results provide insights into the maximum
concentration (Cmax) and the minimum concentration (Cmin) of manganese. From these
data, the required segregation coefficients (Cmax/Cmin) were calculated for the dendritic
and inter-dendritic regions from Figure 3.22. These values are compared in Figure 4.19
to those obtained by Preßlinger [50]. The correlation is generally good although the
values are slightly different since the initial manganese concentration in the two steels
were different. The initial manganese concentration of the steel used in this study was
1.27wt. % while that of the Preßlinger study was1.5 wt.%.

Figure 4.19: Measured and calculated manganese concentration and segregation
coefficients across the steel slab and compared to the results of Preßlinger,
2006 [50].

The concentration profiles of manganese measured by EPMA across the samples from
the near-surface area of the slab (region 1) and quarter thickness (region 2) were
compared to the manganese concentration profile of dendritic and inter-dendritic
regions and are shown in Figure 4.20. This comparison was made to verify the validity
of the assumption that the near-surface region and the centreline region and deep
quarter thickness regions as representatives of dendritic and inter-dendritic regions
respectively.
It is clear from Figure 4.20 that the manganese concentration in region 1 is close to the
maximum value of the manganese concentration in dendrites whereas the manganese
concentration in region 2 is close to the maximum manganese concentration in inter108

dendritic regions. This comparison confirms that it is reasonable to assume that region
1 is representative of a primary dendrite arm and region 2 representative of an interdendritic region.

Figure 4.20: Average concentration profile of manganese measured by EPMA for
region 1 and region 2, and dendritic structure.

Conclusions


Nano-hardness tests at room temperature revealed that there is a discernable
difference in mechanical properties between dendritic and inter-dendritic regions
in a continuously-cast slab



There is a significant difference in hardness between the matrix and inter-dendritic
regions. Inter-dendritic region is harder by more than 0.4 GPa



The elastic moduli of inter-dendritic regions are higher than that of the dendritic
regions and both elastic moduli were within the range of values reported in the
literature



The assumption that the bulk mechanical properties of specimens sectioned from
the near-surface area of the slab are representative of the mechanical properties of
dendrites is justified. In similar vein, the mechanical properties of an area close to
the centreline can be taken as representative of the mechanical properties of interdendritic regions.



Hot-tensile tests, performed on specimens taken from the near-surface area of the
slab representing dendritic regions and specimens from deep thickness near the
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centreline representing inter-dendritic regions, revealed that the yield strength and
elastic moduli of dendritic and inter-dendritic regions differ by a discernable
amount.
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Simulation of Dendritic and Inter-dendritic
Regions Behaviour during Hot Rolling of
Medium-Carbon Steel
Introduction
Microstructural banding in medium carbon steel is related to micro-segregation of
alloying elements in the form of micro-chemical banding which consist of alternation
layers of high and low concentration of alloying elements. Micro-segregation forms
during the early stages of solidification and then it is elongated during subsequent hot
rolling to form micro-chemical banding. In previous chapters, the formation of
elongated micro-segregation and micro-chemical banding were experimentally
examined and variations in chemical composition and mechanical properties of lowly
segregated and highly segregated regions at elevated temperatures were determined.
In this chapter, two-dimensional symmetric finite element (FE) models were employed
to simulate the behaviour of each of these regions during hot rolling of the mediumcarbon steel used in this study, due to the difficulties of experimentally analysing this
behaviour during hot rolling. Although this simplified model cannot deal with the
complex thermal conditions and phase transformations in steel, the behaviour of
dendritic structures (segregated and non-segregated regions) that leads to the
formation of micro-chemical banding, is the main objective of this part of the present
study. The main aim was to track and analyse the distribution of effective stresses and
strains in these regions during hot rolling.
5.1.1

General Modelling Approach

A normal modelling approach to solve problems with respect to micro-mechanical
modelling is shown in Figure 5.1. For developing a finite element model, experimental
results are required to establish a geometrical model that represents the material
microstructures or phases. Constitutive equations for each phase are essential to
precisely simulate micro-scale behaviour. The equations describing material behaviour
under a given set of conditions such as elastic, plastic, visco-elastic behaviour are
required to relate stresses and strains for a particular model. Boundary conditions used
for the model are to be obtained from experimental results for the purposes of
validation. Based on such boundary conditions, behaviour can then be simulated using
numerical techniques, e.g. the FEM. If the agreement between the model and
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experiments is satisfactory, the model can be used to explain the material behaviour.
Otherwise, improvements of the model are required.

Figure 5.1: Flow chart for micro-mechanical modelling of materials [202].

The main aim of the research described in this part of the study is to investigate the
behaviour of dendritic structures (primary dendrite arms, secondary dendrite arms and
inter-dendritic (segregated) regions) during hot rolling of medium-carbon steel
through developing a two-dimensional finite element (FE) model. This technique is
used to simulate the micro-mechanical behaviour of the dendritic structures during
plastic deformation process and analyse local distribution of effective stresses and
strains at different rolling and material conditions. The behaviour of dendritic
structures during hot rolling of the medium-carbon steel under investigation is
subsequently correlated to the formation of micro-chemical banding.
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Materials and mechanical properties
The simulations conducted in this study are concerned with the response of dendritic
structures of as-cast medium-carbon steel to mechanical deformation. The dendritic
structures selected for the simulation studies were obtained from the deep quarter
thickness of continuously cast slab (see Figure 3.1). Figure 5.4 is an example of the
dendritic structures that was selected for the purposes of the simulation. The dendritic
structures consists of three mains features: primary and secondary dendrite arms which
are similar in composition and mechanical properties and inter-dendritic regions which
vary in chemical composition and mechanical properties. The primary arms align
nearly perpendicular to the casting/rolling directions. They are connected to secondary
dendrite arms which align parallel to the casting/rolling directions and isolates regions,
rich in solute elements have been formed between the secondary dendrites as a result
of micro-segregation. The chemical compositions and mechanical properties of each
of these regions at room and at high temperatures were assessed and the results were
described in Chapters 3 and 4. The dendrite arm spacing in a region selected from the
quarter thickness of an industrially produced slab, 300 mm below the surface where
dendritic structures are stable and well-oriented, are shown in Table 5.1. It is this
structure that was selected for the simulation studies.

Figure 5.2: dendritic structures of medium-carbon steel obtained from deep quarter
thickness of continuously cast slab.
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Table 5.1: Dendritic structures measurements.

Dendritic Structure

Spacing

Primary Dendrite Arm

1= 310-400µm

Secondary Dendrite Arm

2= 180-220µm

Inter-dendritic Segregation

Sg= 100-200 µm

Orientation
Perpendicular to
Casting Direction
Parallel to Casting
Direction
Surrounded between
secondary and
primary arms

The stress-strain curves for the simulated dendritic regions (steel matrix) and simulated
inter-dendritic (segregated) regions were experimentally determined from the uniaxial
tensile tests performed at different temperatures as explained in Chapter 4. Because
rough rolling is carried out in the temperature range 1100°C to 1250 °C in industrial
practice, the stress-strain curves determined at 1100 ºC were selected for further
analysis as shown in Figure 5.3.

Figure 5.3: Expermintal Stress-Strain curves used in the model.

Simulation Model and Assumptions
Finite element modelling provides an opportunity to enhance our understanding of the
response of dendrites and inter-dendritically segregated areas such as shown in
Figure 5.2, to mechanical deformation. In order to study response of this complex
morphology to mechanical deformation, the following assumptions were made:
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For the sake of simplicity, an arrangement representing primary arms, secondary
dendrite arms and inter-dendritic regions, schematically shown in Figure 5.4 has
been adopted. The use of circular shapes instead of dendrites follows the
suggestions of earlier approaches recorded in the literature [203-205].



The mechanical properties of the dendritic and inter-dendritic regions respectively
used in FE models were obtained from the calculations and experimental
measurements of the mechanical properties of specimens simulating the dendritic
and inter-dendritic regions as described in previous chapters.



The primary dendrite arms are assumed to be of vertically paralleled rectangular
shape.



The primary arms are split by circular micro-segregated regions and secondary
arms linked them horizontally.



An average secondary dendrite arm spacings of 210 µm is assumed.



An average width of the primary arms is assumed to be 200 µm.



The diameter of the micro-segregated regions is assumed to be 125 µm.

Simplified to

Figure 5.4: Schematic of dendritic structures as (a) commonly presented during
solidification process, and (b) simple arrangements of primary dendrite arm
(represented by 1), secondary dendrite arms (represented by 3), segregated
regions (represented by 2).



The Von Mises yield criterion is used in plasticity calculations.



The yield stress in tension was assumed to be equal to the yield stress in
compression and the Bauschinger Effect was ignored.
The flow rule used describes differential changes in the plastic strain components



dεp as a function of the current stress state. After yield, the strain increment
consists of both elastic, εe, and plastic, dεp, strains:
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𝑑𝜀 = 𝑑𝜀 𝑒 + 𝑑𝜀 𝑝


5.58

Since e the non-linear plastic strains are much larger than the elastic strains, rigidplastic models were used in the analysis of the behaviour of the dendritic and interdendritic structures during hot rolling process

In the simulation of the behaviour of the dendritic and inter-dendritic structures
respectively during hot rolling, the most common and accurate constitutive equation
is used, that is given by the well-known power law (for each region): 𝜎 = 𝐾𝜀 𝑛 where
n = strain hardening exponent, 0 < 𝑛 < 1 (0 is perfectly plastic and 1 is perfectly
elastic) and K = strain hardening coefficient.


The dendritic structures were built in the model by taking the experimentally
measured average sizes of primary and secondary dendrites.



In order or simplify the modelling exercise, two-dimensional nonlinear
approximations were made



The FE mesh is attached to the material and moves through the rolling gap
with the material during rolling. This approach allows stress and strain records
to be established at any particular point in the material and to describe the
deformation of elements. These model configuration acts as the reference state
and the mesh coordinates are updated after every roll-pass.

5.3.1

Boundary conditions

In the rolling model used, contact between the roll and the strand is the main boundary
that plays a role in severe nonlinear deformation. During contact, mechanical loads
and, sometimes heat are transmitted across the area of contact. In the presence of
friction, shear forces are also transmitted [206, 207]. Contact problems are
characterized by the gap between the rolls and friction. The size of the gap depends on
the displacement of the specimen and determines the degree of reduction, which
depends on the contact force as well as the friction coefficient based on the
experimental values of hot rolling of medium-carbon steel.
Nonlinear heat transfer is often taken into account in hot-rolling models. However, the
main aim of the present model is to distinguish the behaviour of dendrites and interdendritic regions during rolling and to determine the stress and strain distribution and
hence, the complexity introduced by taking heat-transfer into account has been
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avoided. In addition, since the hot rolling is done in the austenite region at constant
temperature, phase transformations were not taken into consideration.
5.3.2

Model Description

In order to analyse the deformation of dendritic structures leading to micro-chemical
banding during hot rolling, two-levels of model were used, which, as mentioned
before, are constructed on macro- and micro-scales respectively. The non-linear FEM
software package ANSYS LS-DYNA was used in this study. Deformation of the
specimens during hot rolling is simulated by symmetric rigid–plastic finite element
methods. In the transient simulation of hot rolling, the specimen is fed into the roll gap
gradually with by interfacial friction. The strains are calculated from timeaccumulation of computed strain rates. Plane strain rolling is assumed and the rolls are
assumed to be rigid. Specimens were designed to have three main parts: a head built
of a fine-mesh of homogenous material linked to an ultra-fine mesh representing
homogenous dendritic regions connected to a coarse mesh in the tail. The connection
areas between the head and dendritic structures, and dendritic structures and tail have
a mix of coarse and fine elements in order to facilitate the movement of the specimen
during rolling. The head and tail were analysed at macro-level due to their
homogeneity while the behaviour of the dendritic structures are analysed on microscale. Because of symmetry, only one half of the specimen, containing more than
78500 elements is considered.
5.3.2.1

Macro-Scale Behaviour

Figure 5.5 shows the finite element mesh at the macro-level consisting of 9167
elements of fine meshes in the head of the specimen in the length and thickness
directions. The macro-level, homogenous material is connected on one side to the finer
elements of the dendritic structures, which will be described below. The tail of
specimen has 6291 coarse element meshes in the length and thickness direction, which
also represents homogenous material and connected to the dendritic structures form
the other side.
The selected elements are traced throughout a rolling step, while they move from the
entrance to the exit. The locations, velocities and strain histories for the specified
elements are stored for each iteration step. In the simulation, each strain increment is
set by a pre-determined time step.
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Figure 5.5: Finite Element Mesh of the Macro Cell.

5.3.2.2

Micro-Scale Behaviour

Figure 5.6 shows a part of the micro-level mesh of the dendritic structure. As shown
in the figure, cell elements of segregated regions are matched to the primary arms and
secondary dendrite arms in the steel matrix. The model consists of more than 63000
elements of ultra-fine meshes for the part of dendritic structures as indicated in
Figure 5.5. The dendritic structures are treated across the specimen thickness as a ‘unit
cell’, which contains segregated regions located between two primary arms and two
secondary arms on the micro-level scale as shown in Figure 5.6. The dendritic
structures comprise 1224 segregated regions, 1207 secondary dendrite arms and 16
primary dendrite arms. Each segregated region has 9 elements, the adjacent secondary
dendrite arm 13 elements and 2265 primary dendrite arms. For the sake of simplicity,
the shape of the segregated regions is considered to of circular shape. It is assumed
that there is perfect bonding between the segregated regions and the dendritic arms
(matrix); that there is no interfacial sliding between the segregated regions and the
matrix and that no failure occurs, neither in the dendritic regions nor in inter-dendritic
(segregated) regions. These assumptions allow each region to be described by the
power law to the maximum targeted reduction. By this technique it is possible to
simulate the behaviour of real dendritic structures as well as to provide full records of
stresses and strains created when the specimen (at macro-scale) is subjected to high
reductions. The velocities and coordinates were applied at the macro-level and the
global movement of the specimen and the deformation histories were traced at microscale.
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Figure 5.6: fine mesh of part of dendritic structures.

5.3.2.3

Model Conditions

The rolling and material parameters that were used in the models to simulate the
laboratory rolling-mill operations, described in Chapter 3, as well as the average
dendritic structure geometry are shown in Table 5.2.
Table 5.2: Basic rolling and material conditions.

Roll Diameter (mm)
Initial thickness of specimen (mm)
Roll Speed (RPM)
Roll Speed (mm/s)
Friction Factor

D= 110.00
H= 15.00
VR= 30.10
VR= 173.28
m=0.3

Four different models were run with parameters shown in Table 5.3. These data were
obtained from experimentally measured values of medium-carbon steel.
Table 5.3: Rolling Reductions and dendritic structure details for the four models.

Model 1
Primary Dendrite Arm Spacing 1= 225
(µm)
Secondary
Dendrite
Arm 2= 210
Spacing (µm)
Segregated Region Diameter Dsg= 125
(µm)
Specimen Targeted
Final Thickness (mm) at:
25%
11.25
50%
7.50
60%
6.00
70%
4.50
Stress-strain Curve Used
Figure 5.3
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Model 2
1= 550

Model 3
1= 225

Model 4
1= 225

2= 420

2= 210

2= 210

Dsg = 125

Dsg = 125

Dsg = 125

-7.50
6.00
-Figure 5.3

--6.00
-Figure 5.7

--6.00
-Figure 5.7

Model 1 acted as a reference. Different primary and secondary dendrite arm spacing
were assumed in in Model 2. In Model 3, the stress-strain curves shown in Figure 5.7
were used for the dendritic and inter-dendritic regions respectively. Model 4 acted as
a control model and it was assumed that the inter-dendritic (segregated) and dendritic
(primary arm and secondary dendrite arms) regions have exactly the same mechanical
properties. The stress-strain curve for this model is also shown in Figure 5.7.

Figure 5.7: Expermintal Stress-Strain curves used in the Model 3 and Model 4.
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Results and Discussions
5.4.1

Macroscopic Behaviour

The response of the dendritic structures during hot rolling are on macroscopic level
intimately linked to the stress and strain distribution.
5.4.1.1

Strain Distribution

The effective strain increases from the entry of the roll bite and reaches a value close
to the true strain at the exit. The non-uniformity of strain in the longitudinal direction
is greater than in the thickness direction. This mainly depends on the reduction and the
friction factor (Table 5.2). Since the materials at the head of specimen are the same in
all models, Model 1 was used to analyse strain distribution at different reductions
applied to this part of specimen. The inhomogeneity of strain across the strip thickness
is illustrated in Figure 5.8 for 25, 50, 60 and 70% rolling reductions. The figure shows
the non-uniformity of plastic deformation in the roll gap in both thickness and
longitudinal directions as a function of reduction. The surface of the specimen
experiences a higher strain and a higher strain rate than the centre. The highest strained
zone is close to the entry of the roll gap owing to the sudden change of rolling gap in
the vertical direction. Such inhomogeneous deformation in the roll bite has been
reported in literature [126, 133, 208-214].

Figure 5.8: Effective strain at different reductions (a) 25%, (b) 50% (c) 60% and (d)
70%.
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5.4.1.2

Stress Distribution

Figure 5.9 shows the evolution of effective stress during rolling at 25, 50, 60 and 70%
reductions respectively. The variation of the effective stress through the thickness and
maximum effective stress occurs at the centre of all rolled specimens. The effective
stress increases from the entry of the roll bite and reaches a value close to the true
stress at the exit. The non-uniformity of stress in the thickness direction is greater than
in the longitudinal direction. Model 1 was used to analyse the stress distributions at
different reductions applied on this part of specimen. These findings are in agreement
to the earlier research of Wang [208], who reported the non-uniform strain rate and
strain lead to non-uniform stress. The same observations were also reported in several
studies of uniform materials at macro-scale [133, 210-213].

Figure 5.9: Effective stress in different reductions (a) 25%, (b) 50% (c) 60% and (d)
70%.

5.4.1.3

Rotation of Primary Dendrite Arms

Figure 5.10 shows the dendritic structures (primary and secondary dendrite arms and
segregated regions) simulated just before entering the roll bite. Upon entering the roll
bite, the primary dendrite arms rotate about the rolling direction and change from
vertical to an angle with respect to the rolling direction. This rotation is depicted for
25 and 50% reductions in more detail in Figure 5.11 and Figure 5.12 respectively. The
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meshes representing primary dendrite arms concave in the direction of material flow
of the specimen due to the change in the strain across the specimen thickness. Despite
this rotation, they are staying parallel to each other. The secondary dendrite arms and
their adjacent segregated regions undergo movement along the rolling direction and
are flattened along rolling direction. The primary dendrite arm rotation corresponds to
the material flow and the variation of the effective strain across the specimen thickness.
The simulated behaviour of dendritic structures during hot rolling at macro-level
shown in Figures 5.10 to 5.13, is quite similar to those experimentally found and
reported in the previous chapters and are also shown in Figure 5.13 (a) and (b).

Figure 5.10: Dendrite structures just before entering roll bite.
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Figure 5.11: Macroscopic behaviour of dendrite structures at 25% reduction: (a) in the
maximum deformation zone, and (b) after rolling.

Figure 5.12: Macroscopic behaviour of dendrite structures at 50% reduction: (a) in the
maximum deformation zone, and (b) after rolling.

Figure 5.13: Experimental observations of the behaviour of dendrite for (a) 25%
reduction and (b) 50% reduction respectively.
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Although little information about dendrite arm rotation is available in the literature,
Flemings [171] and Spencer et al. [172] reported dendrite rotation (bending) and
dissertation during deformation of semisolid dendrites of Sn-15% Pb alloy. The effect
of material flow and strain distribution during hot rolling plays a key role in controlling
the rotation (bending) of primary dendrite arms as well as the elongation of secondary
dendrite arms and the inter-dendritic segregation regions between the secondary
dendrite arms. Pawelski and Gopinathan [173] reported bending on screws fixed in
different positions in steel specimen and rolled at 950°C to 28.6% deformation. After
rolling it was observed that the screws from the longitudinal axis of the specimen bent
into the rolling direction. The flow behaviour of steel during hot rolling is related to
the imposed strain and Pawelski and Gopinathan have shown that there is variation in
the strain across a rolled specimen with the maximum strain at the centre of the
specimen almost double the nominal strain. Sakai et al. [174] reported similar bending
of an embedded pin in a 2.5-mm thick steel plate subjected to hot rolling to 40% at
temperatures between at 650 and 850C to 40%.
The rotation of primary dendrite arms about the rolling axis decreases with increasing
specimen reduction as shown in Figure 5.14. While the primary dendrite arms rotate
by about 5 degrees about rolling direction at 25% reduction in thickness, the rotation
angle decreases rapidly to reach about 53 and 65 at 60 and 70% of reductions
respectively. By extrapolating these data for higher deformations, the rotation angles
of the primary dendrite arms obtained from the models showed excellent agreement
with the experimental observations since the primary dendrite arms start to align with
rolling direction at about 75% reduction. These results are also in reasonably good
agreement with Pressinger [55]. The rotation of primary dendrite arms at higher
reductions, say up to 90%, agrees well with experimental observations. At this level
of reduction, the primary dendrite arm structure is completely destroyed and they are
aligned in the rolling direction to form micro-chemical bands.
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Figure 5.14: Change in primary dendrite arms rotation angle about rolling axis as
function of reduction.

5.4.2
5.4.2.1

Microscopic Behaviour
Behaviour of dendritic structures

Figure 5.15 to Figure 5.17 are microscopic views of simulated dendritic structures
during rolling to different reductions. As shown in Figure 5.15 (a), (b) and (c) for
specimens of Model 1 rolled to 25, 50 and 60% respectively, the secondary dendrite
arms and adjacent inter-dendritic segregated regions are elongated and flattened in the
rolling direction quite apart from the rotation of the primary dendrite arms about the
rolling direction. The elongation of secondary dendrite arms and inter-dendritic
regions generally increase at higher reductions until the dendritic structures disappear
in the affected areas as shown in the specimen with 60% reduction.

Figure 5.15: Microscopic view of dendritic structures during hot rolling at (a) 25% (b)
50% and (c) 60% reductions using Model 1.

The same arguments apply to the specimens of Model 2 rolled to 50 and 60%
respectively. The spacing between the inter-dendritic regions are larger because of the
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initial larger dendritic arm spacing assumed in Model 2 as shown in Figure 5.16 (a)
and (b) respectively.

Figure 5.16: Microscopic view of dendritic structures hot rolled to (a) 50% and (b)
60% reduction using Model 2.

The slight change in mechanical properties of the dendritic regions and inter-dendritic
segregated regions used in Model 3 resulted in the simulated structures shown in
Figure 5.17 (a).
Model 4 was a control model and it was assumed that the mechanical properties of the
dendritic regions and inter-dendritic segregated regions are exactly the same as shown
in Figure 5.7 above. In this instance, the behaviour of the inter-dendritic regions is
completely different as shown in Figure 5.17 (b) and the response to hot rolling is akin
to that of homogeneous material.

Figure 5.17: Microscopic view of dendritic structures during hot rolling at 60%
reductions in (a) Model 3 and (b) Model 4.

There is variation in the effective strain in the through-thickness of the specimen and
in these highly strained regions, the secondary arms are elongated more than their
adjacent segregated regions due to the variation in mechanical properties between
secondary arms (softer) and inter-dendritic segregated regions (harder).
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5.4.2.2

Effective Strain Distribution

5.4.2.2.1 Model 1: Basic Conditions
Figure 5.18 and Figure 5.19 show the effective strain contour upon entering the
dendritic structures the roll bite and halfway through rolling respectively to 25, 50 and
60% reductions and using Model 1. It follows that the strain is partitioned between
inter-dendritic segregated regions and dendritic regions and local bands of high and
low strains respectively are formed. The high strain bands initiate at the contact point
between strand and roll and propagate toward the centre of the specimen through the
softer dendritic regions (primary and secondary dendrite arms) that are located
between the harder inter-dendritic regions. More strain partitioning occurs as the strand
move through the rolls as shown in Figure 5.18 (c) Figure 5.19 (c). Detailed
examination of the strain partitioning shown in Figure 5.20 to Figure 5.22 indicates
that high strain bands propagate through the dendritic regions.
It is interesting to note that strain partitioning during deformation has been observed
in multiphase steels and that the cause of strain partitioning has been attributed to
microstructural inhomogeneity and the concomitant differences in micro-mechanical
properties of the respective phases [137, 215-220]. Moreover, Sun [137] suggested
that the microstructural inhomogeneity of dual phase steels is the key to plastic strain
localization during deformation. In similar vein, Paul [218] argued that strain
incompatibility between the softer ferrite matrix and the harder martensite phase arises
during tensile straining because of the difference in flow characteristics of the two
phases. Local deformation in ferrite is constrained by adjacent martensite islands,
which results in local stress partitioning.
Strain partitioning and the formation of local stain bands due to the inhomogeneity of
the dendritic structures are exacerbated in specimens deformed to 50 and 60%
reductions as shown from Figure 5.18 (b) and (c) and Figure 5.19 (b) and (c) for
dendritic structures upon entering the roll bite and halfway through the roll gap
respectively. It is evident that the severity of strain partitioning and localization
increase with increased reductions.
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Figure 5.18: Strain contours (indicated by fringe levels) in part of the dendritic
structures upon entering the roll bite (a) 25% Reduction, (b) 50% Reduction,
and (c) 60% Reduction.

Figure 5.19: Strain contour (indicated by fringe levels) in the dendritic structures
halfway through the rolling gap (a) 25% Reduction, (b) 50% Reduction, and
(c) 60% Reduction.

In order to quantify the local strains and strain partitioning, the strains present in the
strand at the point of maximum deformation in the roll bite was analysed at different
reductions. The outcomes of this analysis are shown in Figure 5.20, Figure 5.21 and
Figure 5.22 for reductions of 25, 50 and 60% respectively
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Figure 5.20: Strain contour (indicated by fringe levels) in the dendritic structures at
the point of maximum deformation in the roll bite (25% Reduction).

Figure 5.21: Strain contour (indicated by fringe levels) in the dendritic structures at
the point of maximum deformation in the roll bite (50% Reduction).

Figure 5.22: Strain contour (indicated by fringe levels) in the dendritic structures at
the point of maximum deformation in the roll bite (60% Reduction).
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Closer scrutiny of the strain bands, at higher magnification reveals that the strain in
the secondary dendrite arm is much higher than the strain in the adjacent inter-dendritic
regions as shown in Figure 5.23, Figure 5.24 and Figure 5.25 for reductions of 25, 50
and 60% respectively. These figures also show the flattening and transforming of the
secondary arms from circles to ellipsoids at higher reductions.

Figure 5.23: Strain contour (indicated by fringe levels) on the dendritic and segregated
regions at maximum deformation zone between rolls at 25% reduction.

Figure 5.24: Strain contour (indicated by fringe levels) on the dendritic and segregated
regions at maximum deformation zone between rolls at 50% reduction.

Figure 5.25: Strain contour (indicated by fringe levels) on the dendritic and segregated
regions at maximum deformation zone between rolls at 60% reduction.

Figure 5.26 shows the effective strain distributions in the secondary dendrite arms and
the adjacent inter-dendritic segregated regions located in a highly strained band at 25%
reduction. It is evident that the softer secondary dendrite arms strain more than the
harder segregated regions.
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Figure 5.26: Effective plastic strain of the secondary dendrite arms and the segregated
regions following a single pass to 25% reduction.

Figure 5.27 shows, in similar vein, the effective plastic strain in the secondary arms
and segregated regions respectively following 50% reduction.

Figure 5.27: Effective plastic strain of the secondary dendrite arms and the segregated
regions following a single pass to 50% reduction.

Figure 5.28 shows the effective plastic strain of the secondary arms and the segregated
regions respectively following reduction to 60%.
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Figure 5.28: Effective plastic strain of the secondary dendrite arms and the segregated
regions following a single pass to 60% reduction.

5.4.2.2.2 Model 2: The Effect of Dendrite Arm Spacing
In Model 2 the effect of larger primary and secondary dendrite arm spacing has been
considered. The effective strain distributions in the dendritic and the inter-dendritic
segregated regions respectively are presented in
Figure 5.29 (a) and (b) for single pass 50 % and 60% reductions respectively.
Although the primary and secondary arm dendrite spacing are double those in Model
1, the same local strain partitioning and strain bands development have been observed.

Figure 5.29: Strain contour (indicated by fringe levels) in the segregated regions
halfway through the roll bite (a) 50% reduction and (b) 60% reduction.

133

Details of the strain in the secondary dendrite arm is much higher than the strain in
adjacent inter-dendritic regions as shown in Figure 5.30 and Figure 5.31 for reductions
of 50 and 60% respectively. These figures, relevant to the maximum deformation
zone, also show the flattening and transforming of the secondary arms from circles to
ellipsoids increase at higher reductions. However, the spaces between elongated
regions are greater than for the same reduction in Model 1.

Figure 5.30: Strain contour (indicated by fringe levels) of the dendritic and
segregated regions in the zone of maximum deformation at 50% reduction.

Figure 5.31: Strain contour (indicated by fringe levels) on the dendritic and segregated
regions in the zone of maximum deformation at 50% reduction.

Figure 5.32 shows the effective plastic strain in the secondary dendrite arms and
segregated regions located in the same strained bands following 50% reduction. The
softer secondary dendrite arms strain more than the harder segregated regions as
before.
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Figure 5.32: Effective plastic strain of secondary dendrite arms and segregated regions
following a single pass to 50% reduction.

Figure 5.33 shows the effective plastic strain of secondary dendrite arms and
segregated regions following a single pass to 60% reduction. It is apparent also in this
instance, that as the deformation increases, the secondary arms experience more strain
than the adjacent segregated regions located in the same strained band.

Figure 5.33: Effective plastic strain of the secondary dendrite arms and segregated
regions following a single pass to 60% reduction.
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5.4.2.2.3 Model 3: Effect of Slight Variation in Mechanical Properties
In this model, small variations in the mechanical properties of dendritic and interdendritic regions were assessed (see Table 5.3). The effective strain distributions in
the dendritic and the inter-dendritic segregated regions are presented in Figure 5.34 (a)
for a single pass to 60% reduction upon entering the roll bite and in Figure 5.34 (b) for
a reduction of 60% halfway through the roll bite.
Although the difference in mechanical properties between dendritic and inter-dendritic
regions in this model is very small, the same local strain partitioning and strain bands
formation that occurred in Model 1, also occurred in this instance.

(a)

(b)

Figure 5.34: Strain contour (indicated by fringe levels) using Model 3 (a) upon entering
the roll bite and (b) halfway through the roll bite, 60% Reduction.

Strains at the zone of maximum deformation in the roll bite are shown in Figure 5.35.

Figure 5.35: Strain contour (indicated by fringe levels) derived from using Model 3 at
the zone of maximum deformation (60% Reduction).

Figure 5.36 is a higher magnification of the strain bands and it show in detail that the
strain in the secondary dendrite arm is much higher than the strain in the adjacent interdendritic regions. The figure also shows the flattening and transformation of the
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secondary arms from circles to ellipsoids as higher reductions are applied. This
observation is the same as in Model 1.

Figure 5.36: Strain contour (indicated by fringe levels) from Model 3 of the dendritic
and segregated regions at the zone of maximum deformation between the rolls
at 60% reduction.

Figure 5.37 shows quantitatively the effective plastic strain of the secondary arms and
segregated regions located in the same strained bands during a single pass to 60%
reduction using Model 3. It is apparent that as deformation increases, the secondary
arms experience more strain than by adjacent segregated regions located in the same
highly strained band. The effective plastic strain of the secondary dendrite arms was
about 2.7 while the strain for the segregated regions amounted to about 5.1.

Figure 5.37: Effective plastic strain of the secondary dendrite arms and the segregated
regions located in highly strained bands during a single pass to 60% reduction
(Model 3).
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5.4.2.2.4 Model 4: No Variation in Mechanical Properties- Control Model
In this control model the mechanical properties of the dendrite arms and inter-dendritic
regions were exactly the same. This model assumption was made to check the
sensitivity of the finite element model to changes in mechanical properties of the
respective phases. The effective strain distributions in the dendritic and the interdendritic segregated regions using these boundary conditions are presented in
Figure 5.38 for a single pass 60% up on entering roll bite. Since there is no difference
in the mechanical properties of the respective phases, the dendritic regions and interdendritic regions should behave as if they are a uniform homogeneous material during
hot rolling, and they do. Hence, the conclusion can be drawn that the differences in
behavior of the different phases in the previous models are real and that the strain
bands develop as a result of these differences.

Figure 5.38: Strain contours (indicated by fringe levels) from Model 3 in the segregated
region upon entering the roll bite.

Higher magnifications of the strain inside the dendritic structures shown in
Figure 5.39, confirm that the secondary dendrite arms and the adjacent inter-dendritic
regions in the zone of maximum deformation, experience the same strain during
rolling. The figure also shows the flattening and transforming of the segregated regions
and secondary dendrite arms from circles to ellipsoids at increased reductions.
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Figure 5.39: Strain contour (indicated by fringe levels) on the dendritic and segregated
regions at maximum deformation between rolls (60% reduction, Model 4).

Figure 5.40 shows quantitatively, using Model 4, the effective plastic strain of the
secondary dendrite arms and the segregated regions respectively during a single pass
to 60% reduction. It is apparent that as deformation increases, the secondary arms
experience almost similar strain of adjacent segregated regions. The strain for
secondary dendrite arms and segregated regions was about 3.33 and 3.40 respectively.

Figure 5.40: Effective plastic strain of secondary dendrite arms and the segregated
regions located in highly strained bands during a single pass to 60% reduction
(Model 4).

5.4.2.3

Effective Stress distribution

5.4.2.3.1 Model 1: Basic Conditions
Figure 5.41 (a), (b) and (c) shows the effective stress contours calculated by Model 1
upon dendritic structures entering the roll bite at 25, 50 and 60% reductions
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respectively. It follows that the segregated regions across the thickness of specimen
experience higher stresses than the dendritic regions in the same stress zone.

Figure 5.41: Stress contours (indicated by fringe levels in Pa) in the dendritic
structures upon entering the roll bite (a) 25% reduction, (b) 50% reduction
and (c) 60% reduction (Model 1).

Higher magnifications of the stress distribution inside the dendritic structures in the
zone of maximum deformation zone show in more detail that the inter-dendritic
regions experience higher stresses than the adjacent dendritic regions as shown in
Figure 5.42 (a), (b) and (c).

Figure 5.42: Stress contours (indicated by fringe levels in Pa) in the dendritic
structures in the zone of maximum deformation (a) 25% reduction, (b) 50%
reduction and (c) 60% reduction (Model 1).

This local stress distribution at each reduction is shown in Figure 5.43, Figure 5.44
and Figure 5.45 for 25, 50 and 60% reductions respectively.
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Figure 5.43: Effective stress of secondary dendrite arms and segregated regions during
a single pass to 25% reduction (Model 1).

Figure 5.44: Effective stress of secondary dendrite arms and segregated regions during
a single pass to 50% reduction (Model 1).
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Figure 5.45: Effective stress of secondary dendrite arm and segregated regions during
a single pass to 60% reduction (Model 1).

5.4.2.3.2 Model 2: Effect of Dendrite Arm Spacing
This model assumed larger spacing of primary dendrite and secondary arms – see
Table 5.3. The effective stress distributions in the dendritic and the inter-dendritic
segregated regions are presented in Figure 5.46 (a) and (b) for a single pass of 50 %
and 60% reductions respectively. The same information is shown at higher
magnification in Figure 5.47. The segregated regions across the thickness of specimen
experience higher stresses than the dendritic regions in the same stress zone. The same
information is also provided in quantitative form in Figure 5.48 and Figure 5.49.

Figure 5.46: Stress contour (indicated by fringe levels in Pa) in the dendritic structures
upon entering roll the bite (a) 50% reduction and (b) 60% reduction (Model 2).
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Figure 5.47: Stress contour (indicated by fringe levels in Pa) in the dendritic structures
at maximum deformation in the roll bite (a) 50% reduction and (b) 60%
reduction (Model 2).

This local stress distribution occurring through dendritic structures during rolling,
effective stress was quantitatively analysed at each reduction as can be seen from
Figure 5.48 and Figure 5.49 for 25, 50 and 60% reductions respectively. The figures
clearly also show that the effect of arm spacing is insignificant and dendritic and interdendritic regions follow similarly stress-strain relationship initially defined based on
the mechanical properties of each region at high temperature. Since both of dendritic
and inter-dendritic regions are ductile material at high temperatures and no failure
assumed to happen during rolling, they follow their stress-strain curves until
deformations of the specimen complete.

Figure 5.48: Effective stress of secondary dendrite arm and segregated regions
respectively during a single pass to 50% reduction (Model 2).
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Figure 5.49: Effective stress of secondary dendrite arms and segregated regions
respectively during a single pass to 60% reduction (Model 2).

5.4.2.3.3 Model 3: Effect of Slight Variation in Mechanical Properties
In this model a slight difference in mechanical properties between dendritic regions
and inter-dendritic regions was imposed (See Table 5.3). The effective stress
distributions in the dendritic and the inter-dendritic segregated regions are presented
in Figure 5.50 for a single pass of 60% reduction. The segregated regions across the
thickness of specimen experience higher stresses than the dendritic regions in the same
stress zone. This is more clearly shown at higher magnification in Figure 5.51and
quantified in Figure 5.52. The figure also shows that the stresses inside the segregated
regions are lower than those predicted by Models 1 and 2.

Figure 5.50: Stress contour (indicated by fringe levels in Pa) in the dendritic structures
upon entering roll bite for a single pass of 60% reduction (Model 3).
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Figure 5.51: Stress contour (indicated by fringe levels in Pa) in the dendritic structures
at maximum deformation under rolls 60% reduction (Model 3).

Figure 5.52: Effective stress of secondary dendrite arms and segregated regions
respectively during a single pass to 60% reduction (Model 3).

5.4.2.3.4 Model 4: No Variation in Mechanical Properties
The mechanical properties of the dendritic regions and inter-dendritic regions were
assumed to be the same in this control model, Model 4 and the effective stress
distributions are shown in Figure 5.53 for a single pass of 60% reduction at the zone
of maximum deformation in the roll bite and quantified information is provided in
Figure 5.54. These figures clearly shows that the secondary dendrite arm and adjacent
inter-dendritic regions experience the same strain during rolling as would be expected.
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Figure 5.53: Stress contour (indicated by fringe levels in Pa) in the dendritic structures
at maximum deformation under rolls 60% reduction (Model 4).

Figure 5.54: Effective stress of secondary dendrite arms and the segregated regions
during a single pass to 60% reduction (Model 4).

In summary, the assumptions made in Models 1 to 3 with respect to different dendrite
arm spacing and the difference in mechanical properties of the respective regions lead
to stress and strain partitioning. The plastic strain in the segregated regions is lower
than in the adjacent dendritic regions and hence, the dendritic regions elongate more
than the segregated regions during hot deformation. The maximum stress within the
segregated regions is higher than the yield stress of dendritic regions and hence, the
stress in the dendrites reaches their yield stress before that of the segregated regions
and hence deform more easily. The control model, Model 4 in which the same
mechanical properties have been assigned to dendritic and inter dendritic confirms the
absence of the stress and strain partitioning.
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It is pertinent to compare at this stage, the findings of the present study to earlier
findings reported in the literature. Wilson [221] reported strain localization during
rolling of aluminium alloy sheets. Strain partitioning and localization have been
modelled [137, 218-229] during tensile deformation of multiphase steels and other
composite materials, mainly at room temperature. Paul [218] found that strain
incompatibility between the softer ferrite matrix and the harder martensite phase in
dual-phase steel arises from the difference in flow characteristics of the respective
phases. Inhomogeneities at microstructural-level are the main cause of strain
incompatibility, strain partitioning and finally shear band localization during tensile
deformation. The local deformation in the ferrite phase is constrained by adjacent
martensite islands, which locally results in stress development in the ferrite phase.
Tomota et al. [222] calculated the flow stress of α − γ Fe–Cr–Ni alloys consisting of
two ductile phases on the basis of a continuum model where the internal stress
produced by the inhomogeneous distribution of plastic strain is taken into account.
Sodjit and Uthaisangsuk [220] found that under tensile deformation several short
interrupted shear bands form in the dual phase structure with a small martensite
contents, but that long, continuous and pronounced localizing bands appear in DP
structure a high fraction of martensite. Ishikawa et al. [229] made similar observations
ferrite-pearlite steels.
5.4.2.4

Comparison between Experimental Observations and Model Predictions

The as-cast structure of the medium-carbon steel under investigation is shown in
Figure 5.2. Primary and secondary dendrite arms can clearly be identified and the
presence of inter-dendritic regions between the dendrite arms is evident. This as-cast
structure has been modelled as shown in Figure 5.6 for the purposes of finite element
analysis aimed at predicting the response of this complex microstructure to hot rolling.
Figure 5.55 shows another variant of two adjacent segregated regions in the as-cast
structure interspaced by a secondary dendrite arm. The modelled response of the two
adjacent segregated regions with respect to the secondary dendrite arm to hot rolling
is shown in Figure 5.56 to 5.59 for different rolling reductions. These predictions are
then compared to experimental observations at the same degree of reduction.
Both circular segregated regions are elongated gradually along the rolling direction
and deformed from a circular to an elliptic shape. They are elongated gradually as
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higher reduction is applied which is responsible for the large deformation of segregated
regions. As the rolling reduction increases, the profiles of segregated regions changed
progressively which corresponds to the rise of the effective strain. It can be seen from
the figures, after 25% rolling reduction, segregated regions are elongated by about
65% for upper region and 80% for lower region. The upper segregated region vertically
is pulled down due to reduction while lower segregated region is pushed up and
horizontally shifted at the same time. At 50% reduction, segregated regions are
elongated by more than 140% to 170% for upper and lower segregated regions
respectively. Upper region is pulled down further and lower region is raised up and
shifted further. Segregated regions are elongated further by about 300% to 400% for
upper and lower regions respectively at 60% reduction. At this stage, the two regions
are placed in one level and aligned in the rolling direction and close to link to each
other to form one long segregated region. Models that extend beyond 60% rolling
reduction are difficult to deal with since they require extremely fine meshes to
accurately simulate the behaviour of the dendritic structures, which require excessive
computational capacity. Thus, extrapolation of the behaviour of upper and lower
segregated regions is used based on the similar input data. It is expected for upper and
lower segregated regions to latch on each other at about 65 to 75% reductions as shown
in Figure 5.59. These model predictions compared to the experimental observation of
the equivalent area using metallographic techniques (Figure 5.56 to 5.59) are in
agreement with the rolling reduction experiments reported by Preßlinger [55] as well
as the experimental results shown in Chapter 3. Since the segregated regions are harder
than secondary dendrite arm, the upper and lower regions disrupt secondary dendrite
arm by their shear force into two parts and each part joins a different primary dendrite
arm.
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(a)

(b)
Figure 5.55: Modelling the as-cast structure. (a) Position of secondary dendrite arms
(3) with respect to the inter-dendritic regions (3) in the modelling exercise. (b)
Close-up of two inter-dendritic regions (termed upper and lower) separated by
a secondary dendrite arm

Figure 5.56: Model predictions of the response to hot-rolling of the inter-dendritic
(segregated) regions following 25% rolling reduction. These predictions are
compared to the experimental observation of the equivalent area are using
metallographic techniques.
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Figure 5.57: Model predictions of the response to hot-rolling of the inter-dendritic
(segregated) regions following 50% rolling reduction. These predictions are
compared to the experimental observation of the equivalent area using
metallographic techniques.

Figure 5.58: Model predictions of the response to hot-rolling of the inter-dendritic
(segregated) regions following 50% rolling reduction. These predictions are
compared to the experimental observation of the equivalent area using
metallographic techniques.
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Figure 5.59: Model predictions of the response to hot-rolling of the inter-dendritic
(segregated) regions following 60% rolling reduction. These predictions are
compared to the experimental observation of the equivalent area using
metallographic techniques.

Summary and Conclusions


Two-dimensional finite-element models were developed to simulate the
response of dendritic structures to hot rolling for medium carbon steel.



The dendritic structures comprise primary dendrite arms perpendicular to the
rolling direction, secondary dendrite arms perpendicular to the direction of the
primary arms and inter-dendritic (segregated) regions between the secondary
dendrite arms.



The inter-dendritic regions were modelled as circular shapes interspaced by
secondary dendrite arms in the as-cast structure



Equivalent plastic strain and von-Mises equivalent stress distributions were
determined in this complex structure under a variety of conditions as a function
of rolling reduction.



Shear bands and strain localization developed within the roll bite due to
differences in the mechanical properties of the dendritic and inter-dendritic
regions.



The secondary arms experienced larger elongations than the segregated regions
within strain bands due to the lower yield point of the dendrite arms.
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During hot rolling the primary dendrite arms rotate about the rolling direction
and align with the rolling direction at rolling reductions of more than 70%.
Secondary dendrite arms located between two segregated regions experience
significant thinning during rolling until the segregated regions latch onto each
other at about 70% rolling reduction.



At rolling reductions between 65 and 75%, the primary and secondary dendrite
arms and inter-dendritic regions pre-existing in the as-cast structure are
destroyed and transformed into distinctive micro-chemical bands that align
parallel to the rolling direction.



The consequence of this response is that the segregated, inter-dendritic regions,
which were roughly of circular shape in the as-cast structure, are transformed
into essentially continuous bands parallel to the rotated dendrite arms. Hence,
severe deformation by hot-rolling leads to the formation of parallel microchemical bands.
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In-situ Study of Microstructural Banding
Formation of Medium-Carbon Steel
Introduction
It was argued in earlier chapters that microstructural banding is commonly observed
in hot-rolled medium-carbon steel, manifested by alternating bands of ferrite and
pearlite aligned in the rolling direction. It was shown that this kind of banding results
from micro-segregation of alloying elements initially present in the inter-dendritic
regions during the early stages of solidification. These inter-dendritic regions are
elongated and flattened in the rolling direction, roughly parallel to dendrites during
subsequent hot-rolling, forming regions of micro-chemical banding of high and low
solute content. Apart from the steel composition, the cooling rate and the austenite
grain size determines the extent of banding. It was also shown that slow cooling results
in strong microstructural banding while banding does not form at high cooling rates.
Microstructural banding doesn’t seem to form when the austenite grain size is much
larger than the micro-chemical band width [1-3, 9, 20, 23]. Earlier research
emphasized the importance of ferrite nucleation and hence, large austenite grains lead
to a limited number of ferrite nucleation sites [1-4, 6, 20].
In order to further explore the details of the formation of banding, an attempt was made
to directly observe the austenite to ferrite and pearlite phase transformations. By the
use of high-temperature laser-scanning confocal microscopy, observations have been
made in real time and the progression of austenite decomposition has been observed
in-situ. Heat treatments that would lead to the formation of microstructural banding in
hot-rolled medium-carbon steel have been simulated by conducting heat treatments
within the high-temperature microscope such that in-situ observations could be made.
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Experimental Work
6.2.1

Material and Sample Preparation

Samples of medium-carbon steel hot-rolled to 90% reduction in thickness were
longitudinally cut along the rolling direction and prepared for in-situ heat treatment in
a high-temperature laser-scanning confocal microscope (HTLSCM).
6.2.2

High-temperature laser-scanning confocal microscopy

The principles of laser-scanning confocal microscopy (LSCM) was established by
Minski and initially used for biological sciences applications. However, it was not until
the 1990’s when Emi and co-workers combined LSCM with infrared heating that
renewed interest was developed in high temperature microscopy of metals.
Experimental studies conducted by using this technique include the morphology of
solidification; the analysis of the progress of delta-ferrite to austenite interfaces in low
carbon steels; inclusion agglomeration, inclusion engulfment; crystallization in oxide
melts; dissolution of alumina inclusions in slag; kinetics of the peritectic
transformation and other solidification phenomena [230].
Read et al. [9] described the technique used in this study as follows: laser light is
focused by an objective lens on to the object, and the reflected beam is focused onto a
photo detector via a beam splitter, as shown in Figure 6.1.

Figure 6.1: Schematic representation of the laser-scanning confocal microscope [230].
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A helium-neon laser beam laser with wavelength 632.8 nm is deflected and scanned
in two dimensions in the horizontal direction at a rate of 15.7 kHz and by an acoustic
optical device (AOD) and in the vertical direction at 60 Hz by glavano-mirror, 45
polarized by a polarizing half mirror, and delivered through a long focal length
objective lens on to the surface of the specimen. The reflected beam rom the surface
of the sample enters a charge-coupled device (CCD) sensor after being further 45°
polarized by the half mirror, and going through a modulated beam splitter and a
pinhole. The pinhole serves to shut out any stray radiation from the unfocused area of
the sample surface. The high intensity of the coherent laser beam (0.5 µm in diameter)
is such that even the small difference in emissivity between the liquid and solid steel
is clearly distinguishable. Signals from the charge-coupled device are displayed on a
cathode ray tube recorded on video and stored in a computer for further processing.
Signals can be obtained from planes located at different vertical distances from the
specimen surface by vertically adjusting the microscope, and are stored and
reproduced as a quasi-three-dimensional image as shown in Figure 6.2. It is therefore
possible to identify both concave and convex features on the sample. The resolution
obtained is 0.25 µm with a maximum magnification is 1350X.

Figure 6.2: Confocal nature of the optics [230].

A schematic diagram of an infrared imaging furnace is shown in Figure 6.3 [230].
Specimens are placed at the upper focal point in a high-purity alumina crucible in the
upper half of the gold-plated ellipsoidal cavity of an infrared imaging furnace. The top
of the cavity has a viewing port covered by an airtight transparent quartz plate. At the
lower focal point in the lower half of the cavity, separated from the upper part by a
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transparent quartz plate, a 1.5 kW-halogen lamp is used to heat the specimen by
radiation. Ultra-high-purity argon gas is bled into the upper cavity to prevent oxidation
of the specimen. The temperature of the furnace can be measured with a thermocouple
welded to the platinum container that holds the alumina crucible and simultaneously
recorded with the image on computer at a rate of 30 frames per second. Hard copies of
the video frames can be made or they can be subject to digital video analysis on a
computer.

Figure 6.3: Infrared imaging furnace and specimen position [230].

Specimen holders consist of 5 mm diameter round holders, made from a polymeric
end-piece, alumina 2-bore tube with an outer silica support tube and a platinum holder
welded to a B type thermocouple wire as shown in Figure 6.4. In this study, the actual
temperature of the specimen was estimated by using the same techniques as Reid et al.
[9] and the following results were obtained:
Specimen temperature = Control temperature + 40C
The control temperature is the temperature recorded in the video clips.
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Figure 6.4: Laser-scanning confocal microscope specimen crucible and holder [230].

6.2.3

Sample Preparation and Setup

Specimens were prepared to fit into 5-mm diameter alumina crucibles. The surfaces of
the specimens were ground and polished using standard metallographic techniques.
The sample and the holder were then inserted into the furnace chamber as shown in
Figure 6.3. This part of the furnace is atmosphere controlled to avoid oxidation of the
specimen at elevated temperatures. The top half of the microscope chamber is filled
with ultra-high purity argon gas. To further purify the inert gas, a Super-CleanTM gas
filter is placed in the gas train and the purified gas is then passed through a stainless
steel tube filled with titanium turnings, held at a temperature of 900C to further
remove any remaining oxygen. In order to ensure high integrity of the inert atmosphere
in the furnace, the microscope chamber is vacuum flushed with argon gas at least ten
times. A Rapidox 2100 Cambridge Sensotec oxygen sensor determines the partial
pressure of oxygen during the flushing period and during the experiment.
6.2.4

Thermal Cycle

Samples of medium-carbon steel hot-rolled to 90% reduction in thickness were heated
at a heating rate of 100C/min in the infrared imaging furnace of the laser-scanning
confocal microscope to a temperature of 1100C. Two different test conditions
were then applied. In the first test condition, the samples were held for 5 minutes
and then cooled at a cooling rate of 30C/min to room temperature. This thermal cycle,
which simulated an industrial rolling process, is shown in Figure 6.5. In the other test
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condition, the samples were held for short time (about one minute) and rapidly cooled
to 800C to minimise decarburization of the sample. The sample was then slowly
cooled at a cooling rate of 30C/min to room temperature. This thermal cycle is shown
in Figure 6.6.
Microstructural changes, including the pertaining phase transformations were
observed and recorded upon heating and cooling of the specimens.

Figure 6.5: Thermal cycle of heat treatment (test condition 1).

Figure 6.6: Thermal cycle of heat treatment (test condition 2).
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6.2.5

Determination of Phase Transformation Temperatures

The micro-structure of the hot-rolled medium-carbon steel used in this study contains
micro-chemical bands of low and high alloying content respectively (formed from
dendritic and inter-dendritic regions) and hence, the temperature at which the austenite
decomposition will occur is different for the different bands. In addition, the
differences in alloying element in the bands result in different decomposition kinetics
– see Chapter 3.
The respective chemical compositions of these bands have been determined (Chapter
3) and hence, it was possible to predict the phase transformation temperature for each
region using Thermo-Calc software with TCFE6 databases [231].
6.2.6

Metallography

Hot-rolled specimens were observed by optical microscopy before and after
observation in the high-temperature microscope. Micro-structural banding in hotrolled specimens were revealed by examining cross-sectional areas etched in picric
acid (following Samuels [8]) using optical microscopy. Many digital photographs were
taken from each prepared cross-sectional area using a Leica Camera at a magnification
of 50 times and the corresponding micrographs were ten ‘stitched’ together.
Following heat treatment and observation in the high-temperature microscope, crosssectional areas of the specimens so examined were analysed using optical microscopy.
Many digital photographs were taken for each prepared cross-sectional area using the
Leica Camera at the same magnification with corresponding micrographs ‘stitched’
together. Sample were then slightly polished and etched with 2% nital and again the
cross-sectional areas of the tested samples were examined using optical microscopy.
Again, corresponding micrographs were ‘stitched’ together.
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Results and Discussions
6.3.1

Isothermal Soaking in the Austenite Phase

6.3.1.1 Test condition 1
During isothermal soaking in the single-phase austenite region in test condition 1, the
grain structure becomes visible as a result of thermal grooving as shown in Figure 6.7.
Austenite grains evolved and stabilized in less than 2 minutes at isothermal holding at
1100C as shown in Figure 6.7. The austenite grains grow over the segregated (microchemical) bands of high and low solute regions resulting in a stabilised austenite grain
size of 95.6 ±10 µm. The traces of the pre-existing pearlite and ferrite bands are still
visible (this is an inherent characteristic of confocal microscopy – although the bands
are no longer there, the grooves formed earlier by thermal etching remain and can be
observed, this being one of the very useful features of confocal microscopy).

(a)

(b)

(c)

(d)

Figure 6.7: Progressive austenite grain growth at a (calibrated) temperature of
1100C for times of: (a) 40s, (b) 100s, (c) 160s and (d) 240s (test condition 1)
(scale bars= 63.9µm).
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6.3.1.2

Test condition 2

In similar vein to test condition 2, during isothermal soaking in the single-phase
austenite region, the austenite grains evolved and ﬁnally stabilized as shown in
Figure 6.8 for isothermal holding at 1100C for about 1 minute. The austenite grains
grow over the segregated (micro-chemical) bands of high and low solute regions and
the stabilised austenite grain size was 92.1 ±11 µm.

(a)

(b)

Figure 6.8: Progressive austenite grain growth at a (calibrated) temperature of1100C
for times of: (a) 0s, and (b) 60s (test condition 2) (scale bars= 32.1µm).

6.3.2
6.3.2.1

Cooling from Austenite
Test condition 1

For specimens cooled at a rate of 30C per minute following a 5 minute soak at
1100C, the first discernible transformation upon cooling was the transformation of
austenite to ferrite at temperatures between about 725 °C and 698 °C as shown in
Figure 6.9 (a) to (h). These figures were photographically enhanced to reveal the ferrite
growth within a single austenite grain, which was about 151 µm in diameter. Ferrite
nucleated on a grain boundary on the surface of the sample as shown in Figure 6.9 (b)
and grew progressively until the austenite grain was completely transformed to ferrite
as shown in Figure 6.9 (h).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 6.9: Ferrite nucleation and growth in a single austenite grain during cooling at
a rate of 30°C/min (test condition 1) (scale bars= 32.1µm).
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It is interesting to note that only the austenite to ferrite transformation was observed.
However, it is most likely that the specimen surface was subjected to decarburization,
especially during annealing at 1100C, and subsequent analysis showed that this was
the case, notwithstanding the care taken to ensure that the oxygen potential is as low
as experimentally possible. The specimen has been cross-sectioned to determine
whether or not there is a decarburized layer on the surface. Figure 6.10 shows this
cross-section. It is evident that the surface that had been observed in the hightemperature microscope had been decarburized.

Figure 6.10: Cross sectional view of the tested sample at room temperature (test
condition 1).

6.3.2.2

Test condition 2

For specimens cooled at a rate of 30C per minute following a one minute soak at
1100C and rapidly cooled to 800C (Test condition 2), the first discernible
transformation upon cooling was the formation of ferrite at temperatures between
about 695 °C and 665 °C as shown in Figure 6.11 (a) to (f). These figures were
photographically enhanced to reveal the ferrite growth within a single austenite grain.
Ferrite nucleated on a grain boundary on the surface of the sample as shown in
Figure 6.11 (b) and grew progressively until the austenite grain was completely
transformed to ferrite as shown in Figure 6.11 (h) followed by nucleation and growth
of new grains/phases on the surface.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.11: Ferrite nucleation and growth in a single austenite grain during cooling
at rate of 30°C/min (test condition 2) (scale bars= 32.1µm).

For this test condition, apart from the austenite to ferrite transformation another
transformation was observed. Decarburization of the specimen surface was reduced,
especially during annealing for only one minute at 1100C. Similar to the first test
condition the specimen has been cross-sectioned to determine whether or not there is
a decarburized layer on the surface. Figure 6.12 shows this cross-section and it follows
that the surface had not been decarburized to the same extent as the one that had been
annealed for 5 minutes.
164

Figure 6.12: Cross sectional view of the tested sample at room temperature (test
condition 2).

6.3.3
6.3.3.1

Second Phase Transformation
Test condition 1

Evidence was found of a second transformation occurring beneath the surface at a
(calibrated) temperature of 618C. At this temperature a change in the surface
morphology was observed and bands formed beneath the surface. Although the surface
layer due to decarburization, is totally ferrite, volumetric changes as a result of band
formation below the surface leads to undulations on the surface, which are discernible
in the confocal microscope. No undulations of the surface were observed below a
temperature of 600 °C. Figure 6.12 showed this decarburised layer. However, it is also
clear that the bands extend to just below the surface and hence, it is not surprising that
surface undulations could be observed when these bands formed. These bands are
shown in the plane of observation in Figure 6.13 (a) and (b) at a temperature of 410C
and room temperature respectively. Figure 6.13 (c) shows the bands formed in single
austenite grain at room temperature.
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(a)

(c)

(b)
Figure 6.13: (a) Bands observed at high temperature during the test (b) the same area
at room temperature, and (c) single austenite grain at room temperature just
after the test (scale bars= 63.9µm).

The pearlite/ferrite bands were located about 15µm below the surface of observation
as shown in Figure 6.14. In this instance, the specimen (annealed for 5 minutes) was
progressively ground, polished and etched and the figure shows the plane of
observation and a plane 15µm below the surface. The first pearlite/ferrite bands
revealed by etching, 15µm below the surface, were identical to the weakly imaged
bands observed on the sample surface (Figure 6.13).
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(a)

(b)
Figure 6.14: (a) absence of pearlite/ferrite bands on the surface after 2% nital etching,
and (b) the first pearlite/ferrite bands found underneath the decarburized
layer (15µm below the surface).

6.3.3.2

Test condition 2

During cooling from the austenitic region in this condition, ferrite nucleates on
austenite grain boundaries and grows progressively within austenite grains as was
earlier in Figure 6.11. The pearlite phase then filled in the gaps between the ferrite
phases forming pearlite/ferrite band on the surface as can be observed in Figure 6.15
(a) and (b). Band 1 and band 2 indicated in Figure 6.15 (a) formed at about 663°C
following ferrite nucleation on austenite grains. The progressive nucleation of ferrite
on austenite grains results similarly in the formation of Band 3, indicated in Figure 6.15
(b).
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(a)

(b)

Figure 6.15: Bands formed on the surface at high temperature during the test
condition 2 (scale bars= 32.1µm)..

Further cooling below 631°C revealed surface undulations of pearlite/ferrite on the
surface of the specimen since volumetric changes accompany band formation as
shown in Figure 6.16 (a) to (d). Evidence was found of a second transformation
occurring on the surface at this temperature: a change in surface morphology was
observed and bands formed on the surface, which are discernible under the confocal
microscope.

(a)

(b)

(c)

(d)

Figure 6.16: Morphology of pearlite/ferrite revealed on the surface (scale bars=
32.1µm).
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The morphology (undulations) of pearlite/ferrite bands observed on the surface as
shown in Fig. 16 (c) was compared to the pearlite/ferrite bands revealed by etching. In
this instance, the specimen was etched without polishing and the figure shows the
observation on the surface. The pearlite/ferrite bands revealed by etching, on the
surface without polishing, were identical to the bands observed on the sample surface
for the working area as well as wider area on the sample as shown from Figure 6.17
(b) and (c).

(a)

(b)

(c)
Figure 6.17: (a) Bands observed at high temperature during the test (b) the same area
at room temperature and (c) pearlite/ferrite bands revealed on the
(unpolished) surface after applying 2% nital etching on the same area (scale
bars= 63.9µm).
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The austenite grain size shown in Figure 6.9 was about 151 µm in diameter, the
average austenite grain size was 95.6 ±10 µm for the specimen of test condition 1. By
comparison, the (deformed) dendrite arm spacing after rolling was about 60 µm.
Hence, the austenite grain size is about twice the dendrite arm (micro-chemical)
spacing. Offerman [20] as well as Thompson and Howell [9] argued that when the
austenite grain size is two to three times larger than the chemical band spacing, only a
few nucleation sites are available for the nucleation of ferrite, leading to a significant
difference in ferrite nucleation rate between regions with a high and a low A3 transition
temperature. Offerman [20] suggested that the case of hot rolled steel is different since
the shape and size of austenite grains change due to hot deformation.
Verhoeven [19] found that formation of pearlite/ferrite banding depends on the
primary dendrite arm spacing. For hot rolled steel, this spacing should depend on the
spacing between the deformed and elongated primary and secondary arms since the
spacing between (micro-chemical) bands after rolling are formed by alternation of
primary dendrite arms (rotated) and secondary dendrite arms and their adjacent
segregated regions (elongated) or by alternation of secondary dendrite arms and their
adjacent segregated regions (elongated).
Conclusions


Following austenite formation, continued heating led to growth of austenite
grains.



During cooling from austenite, ferrite nucleates on austenite grain boundaries
and grow progressively into the austenite grains. The pearlite phase then fills
the gaps between the ferrite phases. In the initial experiments, a thin layer on
the surface of observation was decarburised.



For short soaking times in austenite, pearlite/ferrite band formation could be
observed on the surface. However, for longer soaking times in austenite,
pearlite/ferrite band formation could still be observed just below the surface
even though the surface was decarburised since the volumetric changes
accompanying the band formation led to surface undulation on the surface
under observation.



The banding observed in the high-temperature microstructure were similar to
those detected by optical microscopy following the same heat treatment.
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Conclusion and Future Work
General Conclusions
An investigation of micro-chemical and microstructural banding during hot rolling of
medium-carbon steel led to the following conclusions:
 Primary dendrite arms rotate progressively around the transverse axis during hotrolling, while the secondary dendrite arms and the adjacent areas of inter-dendritic
segregation elongate progressively parallel to the rolling direction.
 When the reduction exceeds 70%, the primary as well as the secondary dendrite
arms, with the associated inter-dendritic regions, align parallel to the rolling
direction, thereby forming layers of low and high concentration of alloying
elements respectively.
 The secondary dendrite arm spacing changes from about 160 µm in the as-cast
(undeformed) condition to about 40 µm following 90% reduction
 Reheating the as-cast slab prior to hot-rolling for relatively short times does not
cause a redistribution of manganese.
The variations of mechanical properties of dendritic and inter-dendritic regions in
medium-carbon steel was investigated and reported in Chapter 4. The most important
conclusions are:
 Nano-hardness tests (instrumented indentation tests) at room temperature
revealed that there is a discernible difference in mechanical properties between
dendritic and inter-dendritic regions in a continuously-cast slab. Inter-dendritic
region is harder by more than 0.4 GPa. In addition, the elastic moduli of the interdendritic regions are higher than that of the dendritic regions and both elastic
moduli were within the range of values reported in the literature.
 Hot-tensile tests, performed on specimens taken from the near-surface area of the
slab (representing dendritic regions) and specimens from the deep-thickness area
close to the centreline (representing inter-dendritic regions), revealed that the
yield strength and elastic moduli of dendritic and inter-dendritic regions differ by
a discernible amount at the hot-rolling temperatures typically used in industry.
The manganese concentration of specimens taken from the quarter thickness of a
slab was the same as that in the inter-dendritic regions and hence, it is reasonable
to assume that specimens taken from the quarter thickness area of the slab can be
used to simulate the mechanical properties of the inter-dendritic regions. This
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finding also strengthens the relationship between micro-segregation and dendritic
arm spacing.
Chapter 5 described the development of a two-dimensional finite-element model used
to simulate the response of dendritic structures to hot-rolling of medium-carbon steel.
The dendritic structures comprise primary dendrite arms perpendicular to the rolling
direction, secondary dendrite arms perpendicular to the direction of the primary arms
and inter-dendritic (segregated) regions between the secondary dendrite arms. This
structure was simulated by simulating the inter-dendritic regions as circular shapes
interspaced by secondary dendrite arms in the as-cast structure and equivalent plastic
strain and von-Mises equivalent stress distributions were determined in this complex
structure under a variety of conditions as a function of rolling reduction. The key
findings of this part of the investigation can be summarized as follows:
 Shear bands and strain localization developed within the roll-bite due to
differences in the mechanical properties of the dendritic and inter-dendritic
regions.
 The secondary dendrite arms experienced larger elongations than the segregated
regions within strain bands due to the lower yield point of the dendrite arms.
 During hot-rolling the primary dendrite arms rotate about the rolling direction
and align with the rolling direction at rolling reductions of more than 70%.
 Secondary dendrite arms located between two segregated regions experience
significant thinning during rolling until the segregated regions latch onto each
other at about 70% rolling reduction.
 At rolling reductions between 65 and 75%, the primary and secondary dendrite
arms and inter-dendritic regions pre-existing in the as-cast structure are destroyed
and transformed into distinctive micro-chemical bands that align parallel to the
rolling direction.
 The consequence of this response is that the segregated, inter-dendritic regions,
which are roughly of circular shape in the as-cast structure, are transformed into
essentially continuous bands parallel to the rotated dendrite arms. Hence, severe
deformation by hot-rolling leads to the formation of parallel micro-chemical
bands
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An attempt was made to directly observe the austenite to ferrite and pearlite phase
transformations by in-situ heat treatments within a high-temperature laser-scanning
confocal microscopy as described in Chapter 6. The main observations were:
 Following austenite formation, continued heating led to grain growth of austenite
grains.
 During cooling from the austenitic region, ferrite grains nucleate on austenite
grain boundaries and grow progressively within austenite grains. The pearlite
phase then fills in the gaps between the ferrite phases. In the initial experiments a
thin layer near the surface of observation was decarburised, but pearlite/ferrite
band formation just below the surface could still be observed even though the
surface was decarburised since the volumetric changes accompanying the band
formation led to surface undulations on the surface under observation.
 The banding observed in the high-temperature microstructure were similar to
those detected at room temperature by optical microscopy following the same heat
treatment that was used in the microscope.
Future work
Based on the findings of the present study, the following suggestions are made for
future research:
i. It was shown in this study that the progressive rotation of primary and secondary
dendrite arms, with their adjacent inter-dendritic areas lead to micro-chemical
banding. These initial results require further investigation and refinement of the
experimental techniques used as well as the modelling exercise.
ii. The use instrumented indentation techniques (nano-indentation) in this study
revealed that there is a discernible difference in mechanical properties between
dendritic and inter-dendritic regions in a continuously-cast slab at room
temperature. It would be very useful to extend such measurements to temperatures
between 800 and 1000C.
iii. The two-dimensional finite-element models used in this study should ideally be
extended to three-dimensional finite-element analysis.
The in-situ observation of banding during the cooling of austenite should be refined
and isothermal heat treatments, similar to those conducted in earlier research,
should be conducted.
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